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I SECTION ONE

3 OVERVIEW

This final report covers work performed by JAYCOR under Contract NOQO 14-89-
C-2134 for the Naval Research Laboratory (NRL) over a period of 36 months from May
10, 1989 to June 9, 1992. No-cost extensions of the contract were granted on April 25,
1990, January 23, 1991, and January 30, 1992.

The research was conducted on-site at NRL by JAYCOR as part of NRL's
programs in support of light-ion-driven inertial confinement fusion (ICF) for the
Department of Energy (DOE), and nuclear weapon effects simulation (NWES) for the3 Defense Nuclear Agency (DNA). The work performed under this contract included
research in several areas. The emphasis of the work shifted during the period of
periormance as the needs of the NRL program changed. The original Statement of Work
comprised 12 research areas: (1) ion beam transport; (2) ion beam focusing; (3) 30-MV
opening switch development; (4) microsecond-conduction-time opening switch
investigation; (5) plasma flow switch development; (6) plasma flow switch/plasma opening
switch coupling; (7) rep-rated switch development; (8) opening switch/diode coupling; (9)
plasma radiation source investigation; (10) plasma source optimization for x-ray lasers;
(11) plasma source development; and (12) inductive generator system study. The
statement of work was modified on January 21, 1991 to reduce the rate of spending. This
modification explicitly eliminated tasks (3), (7), (9), (10), and (11) above. Further
direction from the COTR resulted in tasks (5) and (6) being dropped. The elimination of
effort in submicrosecond and multimicrosecond opening switch development was Uffset by
a significantly increased level of effort in microsecond opening switch development, as the
DNA interest became focused on this time scale of switch operation. As requested by
NRL, effort in the field of ion beam technology was expanded to include several schemes
of ion beam transport, development of a new ion diode, and nuclear weapon effects
simulation.

Results of the JAYCOR effort under this contract significantly aided NRL in
accomplishing its objectives. Accomplishments related to ion beams include:
development of a practical backup approach to ion beam transport; the first studies of ion-
beam interaction with a neutral gas; initial investigations of a promising industrial
application of ion beam technology; and detailed theoretical evaluation of several different
ion beam transport schemes. Major accomplishments relating to opening switches include:
the first direct measurement of the electron density in an opening switch, detailed studies
of switch conduction-time scaling; evaluation of several different switch plasma sources;
and extensive studies of switch performance into diode loads, leading to the development
of a new (and now generally accepted) model of switch behavior.

In this final report, all aspects of the work performed under the contract are
presented. Section Two addresses Task (2) and related work on ion beam diode
development. Section Three describes work in support of Task (1) and efforts in new
areas of ion beam applications. Section Four addresses Tasks (4) and (8), and Task (12)
is addressed in Section Five

I
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SECTION TWO 3

INTENSE ION BEAM GENERATION

Research on ion beam generation involved characterizing and developing several
versions of -on beam extraction diodes. This Section discusses the development of
pinched-beam ion-extraction diodes on GAMBLE II (Section 2.1), equatorial pinch-reflex I
diodes on PBFA II (Section 2.2), and the magnetically insulated diode (MID) on
GAMBLE II (Section 2.3). This effort was closely coupled with the ion beam transport
and applicatior efforts discussed in Section 3. Section 2.4 discusses the development of I
an active anode source for the MID. This Section is concluded with a list of publications
and reports.

2.1 "Standard" and "Backless" Diode Development

Pinched-beam extraction diodes, under development as loads for pulsed power i
generators, produce high-current ion beams employed in 2 variety of research areas (see,
for example, Sec. 3 of this report). Efforts over the past few years have been directed at
characterizing the ion beam produced by pinch-reflex diodes on the NRL GAMBLE II
pulsed power accelerator. These diodes comprise a hollow cylindrical cathode located
opposite a thin planar anode foil. During operation, electrons from the cathode reflex
(pass back and forth) through the anode foil, vaporizing the foil and liberating ions that are
then accelerated toward the cathode. Typically a solid backplate is located behind the
anode foil. A low debris version of the pinch-reflex diode, referred to as the "backless" 5
diode, excludes this back plate. A virtual cathode is assumed to form near the same axial
position as the original anode plate, enabling the reflexing of electrons much the same as
the "standard" configuration. I

Characterization of the ion beams produced by these diodes included a
determination of the beam microdivergence resultant from the diode. A detailed, three-
dimensional numerical calculation was performed, employing a model for the time- I
dependent focusing in the anode-cathode gap. Measured diode electrical characteristics,
such as net ion current and corrected voltage, were used in the code. For the "standard"
configuration pinched-beam diode of radius 6.0 cm, a microdivergence of approximately 1
125 mrad was found. This result is in agreement with previous calculations performed for
3.0 cm radius diodes. A similar analysis for the 6.0 cm "backless" pinched-bearr, diode
was performed, yielding approximately 175 mrad of microdivergence. This increase in I
source divergence for the "backless" over the "standard" diode is attributed to the tenuous
formation of a virtual cathode in the vacuum region of the original anode plate location
The high source divergence of the "backless" diode has been exploited in low-debris, low-
fluence experiments (see Sec. 3.7).

2.2 PBFA II Equatorial Pinch Reflex Diode Development I
The equatorial pinch reflex diode (EPRD) is a barrel shaped version of the I

pinched-beam diode deacribed above. This diode is a possible load for the Particie Beam

I
2!



!

Fusion Accelerator II (PBFA II) located at Sandia National Laboratories, Albuquerque,
NM. A study was carried out to examine the total power density delivered to an inertial-Iconfinement-fusion (ICF) target. A transmission code, previously developed at NRL by
JAYCOR personnel, was employed to analyze and predict EPRD produced proton power
density on target. This work utilized experimentally obtained values for the source
microdivergence, gap spacing, etc. The results obtained included an estimate of
approximately 25 TW/cm 2 of proton power density deliverable onto an ICF target for
realistic constraints. Similarly, results for deuteron beams indicate that about 10 TW/cm 2

may be achievable.

1 2.3 Magnetically Insulated Diode Development

During the contract period, an extraction magnetically insulated ion diode, built by
Sandia National Laboratories, was installed in the NRL GABiLE II pulsed power
accelerator. This diode uses two pairs of magnetic field coils, located behind the anode
and cathode, to produce a radial magnetic field in the diode gap. Currents through each of
the four coils are varied independently to obtain the desired field configuration. JAYCOR
personnel participated in the characterization and optimization of this diode. Initially, a
passive, flashover anode source, consisting of a set of concentric, epoxy-filled grooves,
was used. An optimum magnetic field configuration will allowk a small number of
electrons to cross the gap and trigger the formation of an anode plasma, while insulating
most of the electron flow from the anode and thus giving a high ion current efficiency.
These experiments represented the first operation of this diode on a low-impedance
generator. Partially successful results were obtained although the diode exhibited a
relatively long delay before the onset of ion current. This delay resilted in an early, higb
impedance phase of the diode and an inefficient coupling to the generator.

a 2.4 Active Anode Development

In order to improve operation of the diode, an active anode plasma source was
adapted to this diode. The EMFAPS (Exploding Metallic Foil Anode Plasma Source)
consists of a thin metallic film on the anode surface. Several tens of kA are driven through
this foil at the start of the generator pulse. This current vaporizes the foil, leading to the
formation of an anode plasma. In this way, anode plasma formation is decoupled from tl",-
electron flow in the diode. In principle, a rapid onset of ion current is possible, and the ion
current can be a very large fraction of the total current. In the first experiments on3 1Gamble II, a plasma op,-ing switch was used to divert the early part of the generator
pulse through the foil. This approach suffered from the difficulty in synchronizing the
plasma sources to the generator. Subsequently, an external pulser was used to drive the

I foil current. This pulser was triggered from the generator in such a way as to minirmize the
jitter between the pulser and the generator. Both of these approaches showed
encouraging results, and work in this area is ongoing.

I
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I ABSTRACT: A determination of the average microdivergence for
the standard pinch reflex ion diode is described.
Results are in agreement with previous calculations
done for smaller radius standard diodes.
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Ion Beam Microdivergence for the Standard Pinch
Reflex Diode

D. V. Rose and P. F. Ottinger

March 12, 1992

Abstract

A determination of the average microdivergence for the standard
pinch reflex ion diode is described. Results are in agreement with
previous calculations done for smaller radius standard diodes.

Recent ion beam shots on GAMBLE II were taken to characterize the
average microdivergence, 0,., for the large radius (arnl'd radius - 6.0 cm),
"backed" pinch reflex ion diode (standard PRD). Previous work determined
the microdivergence on small radius (- 3.0 cm), "backed" [1] and large
radius "backless" (2] diodes. The results presented here are consistent with
this earlier work and point to 0,, - 125 mrad.

The GAMBLE II diode is modeled as having a radial bending angle
Ob which acts to focus ions towards the axis after leaving the diode plane.
Previous investigations have indicated the presence of a "pimple" forming
on axis [3]. A simple model has been used to investigate the effects of this
feature on focusing. This is ieprescnted in the total bending angle as

O6 = Ob. + 0-b (1)

where the nornmd bending angle component is

Ob. = (2)
V,

and the bending due to the pimple is
- r ( r:'/

0 bp - C r, 2., (3)

6
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I In the above equations, w, is the ion cyclotron frequency and is given as (in
MKS units)

I.L#eIdZd
= 27rmiR' (4)

with R being the radius of the anode (6.0 cm). For this work b is given
as 6ot(ns)/60 and 6, is 1 or 2 mm for normal and double height pimples
respectively.

This model is incorporated into a computer code [41 that uses the cor-
rected 'voltage and ion current traces from GAMBLE II shots 5259, 5261,
and 5262. The first shot is a full aperture shot to determine the total yield
produced by the full ion beam(6257 cpm). The last two shots give the yield
produced by the beam after passing through an aperture at 19 cm (shot
5261, 1220 cpm) and 27 cm (shot 5262, 1260 cpm) from the anode surface.
Ions are launched from the Kimfol surface at radial angle 0b and randomly
placed within a microdivergence cone of half-angle 0,, about Ob. Code runs
were carried out for microdivergences ranging from 25 to 150 mrad.

Ions are projected through the aperture onto a LiF target where the total
time-intgrated yield is calculated by a subroutine described previously [4]
for comparison with the measured yield. Energy loss due to classical stop-
ping in a gas over the transport distance of each ion is also accounted for (1
tort air).

In order to determine the microdivergence, a set of code runs were con-
ducted over a range of 0,, with and without a pimple. These runs are listed
in Table 1. In this and other tables, the yield due to the full-target shot is
referred to as 'A', and the yields due to the apertured shots are ieferred to
as 'B' (19 cm shot) and 'C' (27 cm shot). Ratios of full-target to apertured
shots are given in Table 2 and plotted in Fig. 1. By plotting the ratio B/A
against the ratio C/A, a parameter space that gives calculated yield ratios
is set up. Calculated results give ratios that do not pass through the ex-
perimental value, but do clearly establish that a microdivergence of ,- 125
mrad gives the best fit. Note that the inclusion of a pimple has little effect
on the yield ratios at this microdivergence. Previous work gave -,, 125 mrad
for small radius (3 cm) "backed" diodes [1] and -- 175 mrad for large radius
"backless" diodes [4,5].

One further point to note is the similarity in values for the two exper-
imental target ratios. By examining the tabulated differences in the yield
ratios (B/A - C/A), a microdivergence value of -- 50 mrad seems to best
fit the experimental data. However, this yield difference value should be

I
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I

0 StYield (arb. units)
Shot mrad bo=0 j 6o=1 mm 1 4=2 mm ]
5259 25 4.7650145
5261 " 2.6100777
5262 3.0324174 3
5259 50 4.76722 4.7638 4.7645005
5261 " 2.2980001 2.847313 2.5156202
5262 " 2.257623 2.937469 2.6131206
5259 75 4.7620474
5261 " 2.2027619
5262 1.8342304

5259 100 4.7695864 4.7650411 4.7679105
5261 " 1.6567697 1.9043686 1.7221816
5262 " 1.1581413 1.3047639 1.2548963

5259 125 4.7640603 4.7620402 4.7689924
5261 1.3144046 1.4247432 1.3269813
5262 " 0.8513196 0.9077793 0.8758495
5259 150 4.7658366 4.7650733 4.7676346
5261 " 1.0624954 1.0825868 1.0064719
5262 " 0.630675 0.6602545 0.6228485 j

Table 1: Matrix of computer runs and resultant yields.

I
I
I
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m(mrad) Jm) B/A CG/AJ (B-C)/A
Experiment .195 .201 -.006

25 2 .548 .636 -.089

50 0 .482 .474 .008
1 .598 .617 -.019
" 2 .528 .548 -.020

75 2 .463 .385 .077
100 0 .347 .243 .105

"1 .400 .274 .126
" 2 .361 .263 .098

3 125 0 .276 .179 .097
"1 .299 .191 .109
"2 .278 .184 .095

150 0 .223 .132 .091
"1 .277 .139 .089

"1 2 .211 .131 .080

Table 2: Experimental and calculated yield ratios.

SI considered a qualitative indication of the experimental error associated with
the experimental measurement.

* References

3 [1] D. Mosher, private communication.

[2] S. J. Stephanakis et. al., "Experil.ental Study of the 'Backle.s An-
ode' Pinch-Reflex Diode as an Ion Source," NRL Pulse Power Physics
Branch Technote 91-01, unpublished.

[3] D. Mosher, et. al., Bull. Am. Phys. Soc., 33 1864(i983).

I [4] D. V. Rose, et. al., "Orbit Calculations for Z-Discharge Transport Fx-
periments on Gamble II," NRL Pulse Power Physics Branch Technote1 91-07, unpublished.
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Figure 1: Graphical representaticn of the data in Table 2. Increasing 0',
brings calculated results near to experimentally determined yield ratios.I
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U PULSED POWER PHYSICS TECHNOTE NO. 91-01

TITLE: EXPERIMENTAL STUDY OF THE "BACKLESS ANODE" PINCH-

REFLEX DIODE AS AN ION SOURCE

I AUTHOR(S): S.J. Stephanakis and V.E. Scherrer

DATE: 2 January 1991

ABSTRACT: The "backless anode" pinch-reflex diode was invented
to meet the need for a minimal-debris ion source
suitable for material response studies, downstream of
the diode. In this technote the electrical
characteristics of such a diode will be presented and
compared with those of the standard (backed) pinch-
reflex diode. In addition, results will be presented
of an optimization study undertaken in order to
determine the thinnest usable (plastic) reflexing foil
and metallic annular ring across from the cathode tip.I
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1. INTRODUCTION i

Pinch reflex diodes have been used by our group for the
efficient production of proton beams since the mid-1970"s. The
typical experimental arrangement for such a diode in the context i
of the Gamble II front end is shown in Figure 1. The cathode is
a hollow cylinder -12 cm in diameter with a radial width of
-3 mm. A second -11 cm dia. cylinder is located coaxially within
the cathode with its tip typically 8 mm downstream of the cathode U
tip. The front of this interior cylinder is usually covered with
a stretched, vacuum-tight polycarbonate foil (Kimfol) of 2 pm
thickness to allow proton transmission through it. The return
electron current due to the ions traversing the Kimfol is
monitored with a Rogowski coil as shown in the figure. The
Kimfol also separates the evacuated diode region from the ion
drift region which is typically filled with 1 Torr air for I
charge- and current-neutralization of the ion beam. The anode
consists of a stretched, 102 pm thick polyethylene foil which is
held along its perimeter by a plastic or metal ring and is •
connected to the positive electrode at the center through a
6.3 mm dia., 5 mm long solid carbon cylinder. An annular, 178 pm
thick aluminum washer is placed in contact with the polyethylene
foil to define an equipotential surface across the cathode tip. U
The inner diameter of this washer is 1-2 mm smaller than the
inner diameter of the cathode cylinder. The anode-cathode gap is
typically 5 mm. The operation of this diode is understood to
proceed as follows. Electrons are emitted from the cathode tip
and the total current drawn is determined initially by the Child-
Langmuir relation. When the current increases beyond the
critical-current limit, the electron flow becomes essentially I
radial, the anode foil surface-flashes making positive ions
available leading to a tight pinch at the center. The electrons
that transverse the anode foil are "reflexed" back into the
anode-cathode region due to the azimuthal magnetic field behind
the anode foil created by the current flowing through the central
support ("button"). i

The configuration shown in Figure 1 has served us well for
satisfying both our DOE and DNA sponsor requirements over the
past decade or so, in that it has proven a very efficient, i
reproducible ion source for ICF-related research. In the last
couple of years however, a new application for ion beams has
emerged, namely material-response studies using such beams.
After a few experimental sessions in this new field, it became
clear that although the ion beams themselves were more than
adequate in terms of spectrum, fluence magnitude and
distribution, the considerable debris that accompanied the ion I
beams, albeit delayed in time, interfered with the diagnostics
and made evaluation of permanent ion beam effects on the
materials under study very difficult or impossible. We thus
undertook to determine the source of that debris. We very
quickly established that the Kimfol and the fill gas in the drift
chamber contributed very little to the debris and that almost all
of it was due to the melting and vaporization of the materials I
that constitute the anode structure. We thus proceeded to reduce

U
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the mass of the anode structure to the extent possible by
decreasing the thickness of the anode foil and essentially i
eliminating all the structure behind the foil as shown in
Figure 2. The effect on the debris downstream of the diode was
dramatic especially when a debris-expansion chamber was used for
the little debris that was left. This is illustrated clearly in
Figure 3. The effect of this total re-structuring of the anode
on the electrical characteristics and ion-producing ability of
the diode is the subject of this technote. It should be
emphasized that obviously the physics of electron reflexing, foil
flashover, etc. must be assumed to be different in this
"backless" geometry since there is not longer a BO-producing
button at the center; instead there is an essentially-infinite I
vacuum space upstream of the anode foil in which electrons follow
paths the nature of which one can only speculate upon at this
time. I
2. RESULTS

All the data which will be presented were taken with I
Gamble II operating in positive polarity and the Marx generator
charged to ±36 kV. The cathode was as described above with its
tip aerodagged. The INET structure was placed so that the Kimfol I
front was 8 mm downstream of the cathode tip in all cases. The
drift region downstream of the Kimfol was filled with 1 Torr air
in all cases. A shadowbox was in place immediately behind the
Kimfol for evaluation of ion beam bending angle and divergence I
changes. No such changes were detectable on the shadowbox
witness plates for any of the anode configurations tried. A
Bremsstrahlung pinhole camera and photodiode were viewing the i
anode axially from a distance of about 2 meters. The photodiode
signals were generally weak (-0.5 v) primarily due to shielding
by the massive (brass and steel) shadowbox in the line of sight.
The shapes of the photodiode signals were consistent with the
electron power (IetVcr). The pinhole pictures showed very faint
images for backless anodes even with the fastest films while the
pinch was easily discernible in the cases of carbon-backed I
anodes. The nature of Bremsstrahlung production will be
discussed in detail in an upcoming technote dedicated to the
subject. 3

The discussion of the electrical results will proceed as
follows. First, data will be presented from shots used to
evaluate the optimum reflexing foil thickness for backless I
anodes. In these shots, the annular ring thickness was kept
constant at 178 pm. Second, the effect of annular ring thickness
will be evaluated with the reflexing foil thickness kept constant
at 12.7 pm. Finally, once the optimum reflexing foil and annular
ring thicknesses are chosen, the comparison will be made between
backed and unbacked anodes using the chosen foils and aluminum
annuli. I

I
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3 2a. Effect of reflexing foil thickness

The data shown in Figures 4, 5, 6, and 7 compare three
shots where the reflexing foil thickness was changed from 102 Am
(#4707) to 12.7 pm (#4705) to 1.8 Am (#4709). Figure 4 compares
the impedance histories for the three cases. No significant
difference is apparent. Figure 5 compares the ion production
efficiency (defined as the ratio of ion current to total diode
current for the three cases). It is seen that although at late
times all three reach about 58%, the two thinner foils are more
efficient producers of ions at earlier times with no significant
difference between the 1.8 pm and 12.7 pm foils. As a result of
this early-time difference, the ion power (Figure 6) and ion
energy (Figure 7) for the two thinner foils is seen to be 15-20%
higher than it is for the 102 pm thick foil. The one caveat
about this data is that, due to material availability, the 1.8 pm
foil was, non-aluminized polycarbonate (Kimfol, C16H1403 ;p = 1.36)
while the other two foils were polyethylene (CH,;p = 1). Due to
different chemical composition of the two materials there is some
question as to how similar they are in terms of flashover

i properties and/or the proton content of the resulting ion beam.

2b. Effect of annular ring thickness

The data shown in Figures 8, 9, 10 and 11 compare three
shots where the anode annular ring across from the cathode tip
was absent (#4715). was 178 Am thick (#4705) and was 1.6 mm thick
(#4710). The four figures compare impedances, ion production
efficiencies, ior. powers and ion energies as in Figures 4-6.
Note that for the case of no annular ring, the impedance drops
significantly taster than in the other two cases and flattens out
at the 1.5 a level for the full pulse. When annular rings are
present on the other hand, the impedance drop occurs later in
time and the impedance is on average, higher. The speculation
here is that in the case of no metallic annulus, ions are
produced faster across from the cathode tip and thus cause the
immediate drop in impedance. This speculation is not reflected
in the efficiency curves o Figure 9, however this could be due
to the fact that ions produced directly across from the cathode
tip may not be intercepted by the INET structure which has a
smaller acceptance diameter than the cathode itself. Despite
this apparent advantage of not having an annulus at all, it is
seen from Figures 9-11 that in terms of late time efficiency,
power and total energy the anodes with an annulus in place are
superior. In addition, it is speculated that the presence of a
metallic equipotential surface across the cathode tip tends tolead to more predictable symmetric pinching of the electron beam
and thus a better-centered ion beam.

3 2c. Backed vs. unbacked anode

Based on the arguments put forward in 2a and 2b and on
Figures 4-11, the anode of choice for minimum debris production
and maximum ion power is clearly one where the reflexing foil is
about 12.7 pm thick with a 178 pm thick annular metallic ring

IU _ _ __ _ _1
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i
across the cathode tip. So now the question remaining to be
answered is whether such a diode behaves similarly to the I
"standard" backed-anode diode and, if not, can we live with the
differences. The answer to that question is illustrated in
Figures 12-15. Again, these figures display the same quantities
that were shown in Figures 4-7 and 8-11. The two curves in each
figure represent the "backed-anode" (#4704) and "unbacked-anode"
(#4705) cases. The impedance time history (Figure 12) for the
two cases looks very similar although it could be argued that the I
one for the unbacked tends to be a little lower especially at
early times. The similarities however end there as Figure 13
clearly demonstrates. The ion efficiency is significantly higher
in the unbacked case at early times and for the duration of the
rising portion of the ion power pulse. Figure 14 shows that
power pulse for the two cases. Note that for both cases the peak
power is the same the difference being that in the unbacked case I
there is.a 10-15% increase in the width of the power pulse which
of course is reflecteu in the energy curves of Figure 15.

3. SUMMARY AND CONCLUSIONS I
We have experimentally arrived at an anode design for the

pinch reflex diode which minimizes diode debris while maintaining I
(actually, slightly improving) the high ion production efficiency
necessary for material response studies downstream of the diode.
We speculate that if further debris reduction is desired, an even
thinner polyethylene reflexing foil can be used with no
detrimental effccts on the electrical properties of the diode.
In addition, a thinner metallic annulus can be used provided it
can be made smooth enough and flat enough for flush attachment i
onto the anode surface. More detailed studies of the bending
angle distribution, microdivergence and ion specie content of the
ions extracted from such a diode are needed but are not
anticipated at this time due to funding limitations. Suffice it I
to say, that radial ion fluence maps taken in the ion drift
region at various axial locations do not indicate large
differences in bending angles between the unbacked- and backed- Ianode designs.

The physics of the electron reflexing orbits through the
unbacked thin-foil anode is not known at this time. There is
experimental evidence that a portion of the electron beam
(probably accompanied by ions) propagates several 10's of
centimeters upstream of the anode foil and strikes a "dump plate" I
primarily near the center. The Theory and Analysis Section (Code
4771) has undertaken a PIC code simulation of the "unbacked"
geometry. This theoretical effort is progressing slowly, again
due to funding limitations, but it is hoped it will give us a
better physics understanding of the operation of the backless
diode. n

Experiments using the backless anode design have also been
performed with tantalum reflexing foils in both positive and
negative polarities in order to evaluate their usefulness as
Bremsstrahlung sources. The results of these studies are very
interesting and will be reported in detail in a future technote.

2
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I PULSED POWER PHYSICS TECHNOTE NO. 91-09

TITLE: EXPERIMENTAL STUDY OF THE "BACKLESS ANODE" PINCH-
REFLEX DIODE AS A BREMSSTRAHLUNG RADIATOR

AUTHOR(S): S.J. Stephanakis, J.R. Boller, J.C. Kellogg,
W.F. Oliphant, V.E. Scherrer, and B.V. Weber

I DATE: 26 March 1991

ABSTRACT: This is a follow-up report to Technote No. 91-01 which
dealt with the "backless anode" diode as an ion
source. When the plastic anode foil, used for these
experiments, is replaced with a high Z (typically Ta)
foil, a Bremsstrahlung-emitting diode results which
may have advantages over the conventional converter
Bremsstrahlung diodes used to date. The study was
undertaken on Gamble II in two short experimental
sessions one in positive and one in negative polarity.
These experiments confirm that electron reflexing
through high Z anode foils does occur and should be
seriously considered for future Bremsstrahlung diode
designs. Such reflexing can be significantly enhanced
by the presence of a metallic insert in the interior
of the hollow cathode at the expense however of
copious ion current emission which in turn depresses
the late-time Bremsstrahlung radiation. Ways to
overcome such drawbacks and optimize the diode design
for Bremsstrahlung radiation will be discussed.

I
THIS REPORT REPRESENTS
UNPUBLISHED INTERNAL
WORKING DOCUMENTS AND
SHOULD NOT BE REFERENCED
OR DISTRIBUTED
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1. INTRODUCTION

All the experiments described herein were performed on the
Gamble II generator with the Marx charged to ±36kV for both
polarities. The transit time isolator was not used thus allowing
the full available power at this charging voltage to reach the
load. The cathode in all cases was the standard -12cm diameter,
-3mm tip width, hollow cylinder with aerodagged tip.

The results will be presented separately for the two

polarities in Sections 2 and 3 since the two experimental I
sessions were separated in time by several months and the
diagnostics (photodiode and TLD's) were located differently and
filtered differently in the two sessions. Thus, direct
comparison of absolute values of the radiation output is not
possible for the two polarities. However, some physics I
observations concerning the two configurations and their
similarities and differences can and will be made in the Summary 3
and Conclusions Section.

2. POSITIVE POLARITY RESULTS I
The diode geometry used for the positive polarity tests is

shown in Fig. 1. Note that this figure is essentially identical
to the second figure of Technote No. 91-01 the only difference

being the atomic number of the anode reflexing foil. The 2pm I
Kimfol covering the IN7 monitor was in all cases located 8mm
downstream of the cathode tip and 13mm from the anode (5mm A-K 3
gap). The drift chamber was filled with 1 Torr air (as for the
ion shots) and a photodiode was viewing the anode end-on from

about 2m away. The first striking observation made from the
outset of this experimental run was that, for the geometry shown
in Fig. 1, Ta anodes are copious emitters of ions (probably I
protons from desorbed gases on the surface of the Ta). As
illustrated in Figures 2 and 3, the ion current from a 0.5 mil
thick backless Ta anode starts 25 nsec later than for the 0.5 mil
thick backless CH2 anode.' However, once the ion current is

I
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initiated, it reaches its peak in about half the time of that
required for CH2 anodes. In addition, the ion current and ion
efficiency (defined as INEV/IOUT) are actually higher for the Ta

anode than for the CH2 anode at the time of peak power which
occurs at -80 - 90 nsec for both shots. Furthermore, aerodagging
of the Ta foil (on both sides) made no difference whatsoever in I
the ion emitting ability of the anode as is clearly illustrated

in Fig. 4. By backing the 0.5 mil Ta foil with a solid block of
carbon or by increasing the foil thickness to 4 mils we were able I
to reduce the ion current slightly (-15%) and further delay its
onset by 4 - 5 nsec.

The radiation pulses for the anode configurations studied are
shown in Fig. 5. The two shots labeled "0.5 mil Ta (reflexing)"
had 0.5 mil Ta anodes with no backing whatsoever. The shot

labeled "0.5 mil Ta, non-reflexing" had an anode consisting of 1
0.5 mil Ta foil in contact (on the upstream side) with a solid
backing of 1/4" thick graphite. Finally, the shot labeled "4 mil 3
Ta (reflexing?)" had an anode configuration identical to what is
used routinely in negative polarity for Bremsstrahlung

production, i.e., a 4 mil Ta foil backed, after a -2cm vacuum
gap, by a debris catcher consisting of 1/8" thiRk melamine

covered (on the e-beam side) by 1/8" thick boron carbide tiles. I
Note that the non-reflexing case produces about 2.5X less
radiation than the reflexing cases for the same thickness Ta

foil. In addition, the 0.5 mil Ta reflexing anodes produce I
almost as much radiation as the "standard" Bremsstrahlung,

converter. At tbl° point, it is not known to what extent I
reflexing occurs the 2cm vacuum gap behind the 4 mil foil; it
is possible that ir the 4 mil Ta anode were totally backless even
more radiation would have been observed'. On the other hand, if
the 4 mil Ta were to be backed by solid carbon we speculate that

the x-ray yield would drop. These possibilities should be I
studied in a more systematic series of experiments in the future.

A peculiarity of the radiation pulses shown in Fig. 5 is that
they all exhibit a two-hump shape. Such a shape is not observed

in negative polarity with the standard 4 mil Ta x-ray converter.

38
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The reason for this becomes apparent when one examines the
voltage, current and impedance waveforms of any one of the shots.
Typical such waveforms are shown in Fig. 6. Note the sudden drop
in impedance at the time of ion current onset and the
accompanying drop in voltage and photodiode signal while, at the
same instant in time, the total diode current increases rapidly
consistently with the factor-of-two drop in impedance. Thus it
is rather apparent that the double-humped behavior of the x-ray
pulse is associated with the onset of significant ion current and3 the two-tier impedance behavior. This effect is not as obvious
when plastic anodes are used because, as is shown in Fig. 2, the
ion current onset in that case occurs more than 24nsec earlier in
time and thus the effect of such an onset on the impedance is
obscured by the fact that the impedance is dropping rapidly at

* that time from its infinite open-circuit value.

Matching the x-ray shapes of Fig. 5 to the product IVn proved
to be difficult partly because of the need to deduce the electron
current (I) component of the total current (IouT). This requires
the subtraction of the ion current trace (INET) from IOUr and the
shape of INEr once it reaches the plateau (crowbar?) is not known
with a high degree of confidence. Suffice it to say, that the

reflexing shots (0.5 mil Ta and 4 mil Ta) produce an x-ray pulse
more closely resembling VOIcl as illustrated in Fig. 7. As
expected, no match could be found when IouT was used rather than
I,,. A similar exercise performed for the shot with no reflexing5 resulted in no match whatsoever in either overall pulsewidth or
ratio of hump amplitudes. It is speculated that since the
backing for the 0.5 mil Ta foil for this shot was thick graphite

the resulting Bremsstrahlung pulse is due to a combination of
high energy electrons passing once through the Ta foil, the same

j electrons stor g in graphite and lower energy electrons being
stopped by the Ta foil. Thus the pulse amplitude would be a
function of voltage as well as Z at different times and

consequently cannot be modeled by a single simple expression
involving voltage and electron current.
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3. NEGATIVE POLARITY RESULTS £
The diode geometry used for the negative polarity tests is S

shown in Fig. 8. It is essentially a mirror image of Fig. 1

except that for most shots the cathode was totally hollow. No 3
ion current measurements were possible in this geometry.
Additionally, the photodiode was again looking end-on from a

distance of -4.4m from the downstream side of the anode. In some

shots TLD's were fielded in addition to the photodiode to provide

absolute dose measurements and to check consistency from shot to i

shot. The anode-cathode gap for this experimental series was

5.9mm (rather than the 5mm in positive polarity) which is the gap

routinely used for efficient Bremsstrahlung production.

The first tests made in this configuration had the purpose of

establishing a data baseline and re-certifying the ability of

Gamble II to produce the advertised radiation. Thus, the anode

consisted of a 4 mil Ta foil followed (downstream) by a -2cm

vacuum gap and a boron-carbide-covered melamine debris catcher.

The 1/8" thick melamine served as the vacuum seal. An array of I
five, equally-spaced CaF 2 TLD's were arranged along a diameter of

a 6" circleat a distance of 12.5cm from the anode converter.

The average dose over the 150 - 200cm2 covered by the TLD's was

9.5 ± 1.3kRad Si (ll.OkRad Si @ the center) which is consistent

with the advertised doses in the DNA Radiation Facilities booklet

(2nd Edition) as well as in the internally-generated package that
we provide potential Gamble II users. Two more shots with this

anode configuration were fired with the only difference being the

location of the TLD array, this time at 95cm from the anode. The

radiation dose in this case for the two shots was 178 ± 8 Rads Si
and 196 ± 6 Rads Si respectively which follows approximately the

anticipated 1/d2 scaling with distance from the source when I
compared to the dose @ 12.5cm.

The next set of shots used a purely reflexing anode i
configuration with a free-standing 0.5 mil Ta foil anode followed

by a 95-cm long evacuated 6" chamber. The end of the chamber was I

4
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vacuum-sealed by the usual melamine/boron-carbide end-plate so i
that the overall x-ray attenuation as viewed by the end-on-
looking photodiode was the same for all shots. The x-ray yield
for these shots, as monitored by the photodiode, dropped by about

a factor of 3 relative to the 4 mil shots. Furthermore, the TLD
array at the 95cm position actually increased dramatically
(instead of decreasing as anticipated from the photodiode
signals) to a value of 464 ± 150 Rads Si (!). The erratic TLD {3
readings (as indicated by the ± 150 Rads variation along the 6"
diameter) plus their unexpected high value leads us to believe
that the TLD readings are primarily due to diode electrons which
traversed the whole 95cm distance without reflexing and impinged
on the BC target which was within 2cm of the TLD's. Based on the
photodiode signals the dose should have been -6S, Rads Si. Taking
this expected dose into account as well as the ratio in Z's

between Ta and BC (-13) and the distances involved, we can make

the following estimate. If X electrons interacted with the Ta
anode producing -65 Rads Si at the TLD position then it would I
only take 0.035X electrons of the same energy interacting with
the BC target to produce the extra 400 Rads Si observed. The 3
photodiode signal is not affected at all (<0.5%) by radiation
from the BC because of its location at 4.4m from the anode and
3.5m from the BC and the relative strength of the two x-ray
sources (367:1).

The 0.5 mil Ta , fully-reflexing shot was repeated with a
6.5" long, 12"1 dia tube followed by a 20" long, 20" dia tube

replacing the 6" tube shown in the figure to test the possibility u
that the reflexing chamber diameter had an effect on the physics

of electron reflexing and thus altered the radiation properties I
of the backless-anode diode. The result of this test was clear-

cut in that the two shots were identical in all respects. 5
At this point in the experimental session, one observation

was becoming very apparent. The photodiode signals from the I
shots described above, were all well-behaved, single-humped and

4
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I belljar-shaped in obvious contrast with the double-humped
photodiode signals observed in the positive polarity shots (see
Fig. 5). We had already concluded from the data taken in
positive polarity that the drop in the photodiode signal creating
this double-hump effect was due to the sudden onset of ion
current. Thus we attempted to simulate the exact geometry used
in positive polarity by inserting a solid conductive plate inside

j. the cathode, 8mm upstream of the tip as per the Kimfol location
in positive polarity. The results of this test were dramatic.
Not only did the double-hump nature of the photodiode signal re-
appear but the first hump was more than a factor of 2 higher in
amplitude than the peak of the 0.5 mil Ta backless shots and
within 25 - 30% of the peak amplitude of the 4 mil Ta shots. We
speculate that if 4 mil Ta shots were to be fired with the
cathode plate insert, the 0.5 mil Ta and 4 mil Ta radiation
pulses would be very similar in shape and amplitude in agreement
with the positive polarity results. All the radiation pulses
from the negative polarity experiments are presented in Figure 9
where the above observations can be confirmed. The abnormally
high photodiode amplitude (-30V) and the late flashover (sudden
drop in signal at -80nsec) for one of the two 4 mil Ta shots is
attributed to an inadvertently larger than normal A-K gap

setting.

Figures 10, 11 and 12 compare the electrical characteristics
of diodes with hollow and non-hollow cathodes. Note the
similarity of shot #5004 with the positive polarity shots shown

in Fig. 6. Another observation concerning the presence of the
cathode plate insert is worth mentioning. The TLD arrays placed

at the 95cm position no longer give erratic and abnormally high
doses as they did for the hollow-cathode case. For the two shots
shown on Fig. 9 they gave doses of 125 ± 2 Rads Si and 128 ± 4

Rads Si respectively, which compare favorably with the -190 Rads
Si recorded for the 4 mil Ta given the differences in photodiode
signals for the two cases. This implies that even fewer
electrons, if any at all, are reaching the BC end-target when the

Scathode plate insert is used. This observation, coupled with the

3' 47
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increase of the first hump of the x-ray pulse suggests that the U
cathode plate insert (Kimfol) helps make for more efficient
electron reflexing through the Ta anode foil. 5

Further confirmation that the presence or absence of ion
current is directly dependent on the presence or absence of a I
cathode insert is illustrated in Figures 13 and 14. Figure 13
shows that for a totally hollow cathode, we can adequately match 3
the experimental photodiode signal shape by the product of the

diode voltage and the total diode current, implying that if there

is any ion current at all, it is very small compared to the

electron current. Furthermore, as was the case for positive
polarity, the shapes of ITV2 and ITV2-8 do not match the U
experimental FWHM of the PD. Figure 14, on the other hand,

clearly shows that no match to the experimental trace can be 3
found without taking into account the ion current (which in
negative polarity was not measured). g
4. SUMMARY AND CONCLUSIONS

Despite the limited number of shots taken in this preliminary
study, several conclusions can be drawn with potentially

important implications for future advanced Bremsstrahlung I
converters. £

(a) Tantalum anodes, whether bare or aerodagged, reflexing

or non-reflexing, are copious emitters of ions (most likely

protons from absorbed surface contaminants). These ions are
emitted later in time than ions from plastic anodes but early
enough to drastically affect the impedance characteristics of the j
dic<ie and the resulting radiation pulse.

(b) This large ion current from the anode is only observed

when the cathode interior is covered with an insert such as the

Kimfol (positive polarity) or a metal plate (negative polarity).
Totally hollow cathodes serve to suppress or eliminate this ion
current probably due to space charge effects in the cathode '
interior.

5
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I (c) In the presence of ions, 0.5 mil Ta backless anodes
produce almost as much radiation as 4 mil Ta anodes in the
standard Bremsstrahlung geometry. They produce about 2.5 times
more radiation than 0.5 mil Ta backed anodes. This is clearIIevidence that reflexing is real and beneficial to Bremsstrahlung
production.

I (d) In the absence of ions, the 4-mil Ta, "standard"
configuration is the best x-ray emitter (-3 times better than the5 0.5 mil Ta, backless configuration).

(e) The presence of a cathode insert significantly enhances

the electron reflexing process as evidenced by the fact that,
prior to ion turn-on, the radiation from a 0.5 mil Ta backless3 anode is twice as intense when a cathode insert is used than when
the cathode is totally hollow.

I' The current thinking is that an optimized Bremsstrahlung
diode should probably be designed for positive polarity
operation. The main reason for this is that, with the electron
beam directed away from the test object, a much thinner debris-
catcher/vacuum-air interface could be used allowing for a large

portion of the soft component of the spectrum to be available to
the test object. In view of the results presented above,

optimization of such a diode should include further study of the
role of the cathode insert such as its optimum location relative
to the cathode tip for maximum electron reflexing and minimum ion
contamination. Ion emission could be presumably diminished or
eliminated by pre-baking or in-situ heating of the anode. The Ta

foil thickness should be optimized (minimized) for maximum
radiation and minimum debris. As has b;en suggested before,

ielectron reflexing can probably be optimized by replacing the

virtual cathode, which for these experiments is probably diffuse
and varying in location and time, by a well-defined plane

(metallic or otherwise) at some well-chosen position upstream of
the anode. Finally, the debris-catcher/vacuum-air interface
should be optimized and absolute dose and spectrum measurements
should be made in positive polarity.

I
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version of the pinch reflex diode and is suitable for fielding
on PBFA II. In this technote proton/deuteron power density on

target is estimated for an EPRD on PBFA II. Because the
appropriate range proton for ICF is only about 5 MeV, no POS is
included in the circuit. Results indicate that about 25 TW/cm 2

may be achievable using protons at 8.8 MeV with a 6.5-cm
radius, 5-cm half height EPRD (assuming a microdivergence half
angle of about 35 mrad). For ions with energies close to their
proper range for ICF, this is reduced to about 22 TW/cm2 for

3.3 MV protons and about 21.5 TW/cm2 for 5.7 MeV deuterons,
again with the 6.5-cm radius diode.
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INTRODUCTION

The Equatorial Pinch Reflex Diode (EPRD)' is a barrel shaped version of
the pinch reflex diode and is suitable for fielding on PBFA II. Figure 1
shows a schematic of a full EPRD which is fed from top and bottom. Here R
is the diode radius (distance to the center line), H is the half height of N
the diode (height of the top or the bottom), and D is the initial AK gap.
The NRL transmission line code, BERTHA2 , was used to analyze and predict
EPRD performance on PBFA II, in particular, in regard to estimating proton
or deuteron power density on target. Because the appropriate range proton U
(deuteron) for ICF is only about 3.8 MeV (5.4 MeV) (compared with 30 MeV
for 7Li÷3 ), no POS is included in the circuit. If some pulse sharpening is
needed, a POS could be added to the circuit in future calculations. Figure
2 shows the equivalent circuit used to model one half of PBFA II. The open
circuit voltage waveform, which was used in the analysis, was provided by
Gary Rochau and is based on SHOT 2338 with a peak open circuit voltage of
23.9 MeV. Thus, results are being calculated for typical machine operation I
at the 3/4 power level. Losses in the vacuum feed are modeled by 5

consecutive MITL circuit elements.

Data from previous experiments at both NRL- and SNL3 were used to I
arrive at a reasonable diode model for the EPRD. The model includes a
electric field threshold for turn-on (Eb), a diode turn-on phase (to), a
space charge limited flow phase (Is), a critical current phase (I'), an I
enhanced ion flow turn-on phase (ti), ion enhancement factor due to

electron reflexing (a), and AK gap closure (vc). For the runs considered
here, the values used for the fixed parameters were Eb - 0.1 MV/cm,
to = 8 ns, and vc - 2.5 cm/ps. The ion turn-on time, t,, was varied from
15 to 30 ns, and the ion enhancement factor, a, was varied from 1 to 2.
Enhanced ion flow begins when the critical current is reached with 3
Ic = 1.6 (8500) P7 R/(D-vct) (1)

and

vt- " e f(t) (2)

where f(t) represents the turn-on of the ion enhancement. Here it is
assumed that f(t) increases linearly from D/H to 1 during the ion turn-on
time ti. The factor of 1.6 in Eq. (1) is a scaling parameter determined
from fitting experimental data and verified by numerical simulation. The
ion efficiency is calculated as

1.
1 e

For a focusing diode of radius R and microdivergence 6,, the ion power u
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3 density on target can be estimated as

(21i)V

34 (RO)2 (4)

5 where 21I is the full machine current, so that• is the peak power density
for the full PBFA II (top and bottom). For the EPRD, the best values to
date for e. have been measured to be about 35 mrad. This ion diode model
and all the parameter values used here are consistent with data presented
in Refs. 1 and 3.

It sdhould be noted that, unlike the PRD, the EPRD has good focusing
characteristics. Since there is a line pinch for the EPRD, rather than the
point pinch of the PRD, the ion current density is uniform. Thus, the self

magnetic field of the diode increases linearly in z away from the diode
midplane, leading to a natural focus. Strong focusing over a short
distance will require anode shaping to augment this natural focusing.

3 RESULTS

Six runs were made to scope out parameter space. All results presented
assumes the ions are protons. For deuterons (or other species) results
need to be scaled properly [e.g. I/I. is reduced by 2112 for deuterons and

17i is then appropriately reduced using Eq. (3)]. Shot 1000 used an initial
AK gap appropriate for a matched load impedance of about 4.4 n at peak
power in order to draw the maximum amount of energy from the machine. The
peak load voltage of about 8.8 MV, however, is too high for the proper
range proton or deuteron. The initial AK gaps for Shots 1001 and 1002 are
reduced to provide load impedances of about 2.2 11 and 1.1 Q respectively at
peak load power. The peak load voltage of Shot 1001 (1002) corresponds
roughly to that required for the proper range deuteron (proton). In Shots
1010, 1011, and 1012 a matched load impedance of about 4.4 0 was again
used. In order to study the effect of longer ion turn-on time, ti was
increased from the 15 to 30 ns for Shot 1010. In addition to longer ti, c
was also decreased from 2 to 1 in Shot 1011, in order to study the effect
of reduced ion enhancement from reflexing. The data in Ref. 3 suggests ti
is as long as 30 ns and a is as small as I (cc-responding to Shot l011),
while Ref. 1 suggests the shorter tj and the larger o (corresponding to
Shot 1000). Finally, the diode radius R is decreased from the usual value
of 13 cm for PBFA II to 6.5 cm in order to demonstrate the decoupling of
ion efficiency (scales with H/D) and diode impedance (scales with R/D). In
addition, the smaller R will provide larger power density on target for the
same e0 (see Eq. (4)).

I Figures 3-20 shows the data from the runs and Table I summarizes the
results. There are three figures for each Shot with four plots on each
figure. The plots show the voltage (VOL06), current (CUR06), and energy
(ENR06) at point A (see Fig. 2) upstream of the MITL section and at the
load (VOL20, CUR20, ENR20), the ion current (ION07), the open circuit
voltage (VOC01), the load impedance (ZL), the ion power (PION), the ion
energy (EION) and finally the ion efficiency (IEFF). The voltage, current
and energy are plotted upstream of the MITL section in order to illustrate
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the losses in the MITL's. High voltage runs show energy losses as much as
about 19%, while lower voltage runs show only 6% losses. Voltage, current,
power, and ion efficiency values quoted in Table I are peak values. In I
addition, the values of power density on target,P; , quoted in Table 1 are
peak values assuming e, - 35 mrad and no steering errors. Note that the
last column lists the power density for the full diode on PBFA II (top and I
bottom), while all other columns in Table I and the data in the plots
(Figs. 3-20) refer to 1/2 of PBFA II.

Shots 1000, 1001, and 1002 show that although the diode as a whole I
couples best at the matched load value of 4.4 0 (Shot 1000), the ion power
is reasonable over the full range of load voltages (impedances) because of
improved q. at lower impedance. In fact, the largest Pi occurs for Shot I
1001, whi~ch corresponds to the voltage appropriate for deuterons. Shot
1010 shows that a slow ion enhancement turn-on time does not significantly
degrade the performance. Shot 1011, however, shows that reduced reflexing
can degrade performance. Shot 1012 demonstrates two effects. First, it I
shows an improvement of qi from 31% (Shot 1000) to 47% (Shot 1012). This
results from a decoupling of diode impedance from ion efficiency; R/D was
adjusted to provide the same impedance at the smaller radius, leading to a I
larger H/D enhancement of the ion current. Second, for the same e. better
focusing is obtained at smaller R. Although Shot 1002 (1001) with a
voltage appropriate for a proper range proton (deuteron) was not repeated
here with a smaller radius diode, results comparable to Shot 1012 can be I
scaled from the results of Shots 1000-1002 yielding about 26.8 TW/cm2 on
target at about 5.7 MV and 22.3 TW/cm2 on target at about 3.3 MV for
protons. Scaling down the 5.7 MV case to account for the higher mass of p
the deuterons yields about 21.6 TW/cm2 on target for deuterons.

Results for the small radius diode are promising but it should be
pointed out that they assume that the microdivergence half angle is
35 mrad, that the enhancement factor for ion efficiency due to electron

reflexing is 2 and that ion steering errors are negligible.
Microdivergence half angles as small as 35 mrad have been measured at both n
NRL and SNL but this will need to be demonstrated on PBFA II. There is
good evidence from NRL experiments that reflexing does provide the factor-
of-two enhancement in ion efficiency, while SNL experiments on PBFA I did
not confirm this. In principle, steering errors can be adjusted for, while I
in practice this will also need to be demonstrated. On the other hand,
improvement in these results is also possible. H has been restricted to
5 cm in these runs. [Note that H should be interpreted as the arc length
along the anode surface (the electron path length) and not the
perpendicular height of the diode.] Increasing H will linearly increase
the ion efficiency, and thus the ion power density on target. However, H
will be limited by diagnostic access through the top and bottom openings in I
the diode. Electrons, reflexing along the anode foil, will also eventually
run out of energy and thus limit H. U

A few words should be added concerning the use of a POS. With a POS,
lower energy losses in the MITL's would be traded off against energy losses
in coupling the POS to the load. In the low voltage regime studied here
for protons/deuterons, no voltage multiplication is required, only pulse I
sharpening. In addition, the low load impedance (1.1-4.4 0) favors good
POS/load coupling. The EPRD also has no applied magnetic fields to affect
power flow in the feed which again favors good POS/load coupling. Thus, U
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I.
it is not expected that including a POS in the circuit for pulse sharpenirg
will significantly degrade the results presented here.

In summary, this technote provides estimates of proton/deuteron power
density on target for an EPRD on PBFA II. Because the appropriate range
proton for ICF is only about 5 MeV, no POS is included in the circuit.
Results indicate that about 25 TW/cm2 may be achievable with protons at
8.8 MV for PBFA II at typical 3/4 power operation with a 6.5-cm radius, 5-
cm half height EPRD assuming a microdivergence half angle of about 35 mrad.
The results in Table I can be applied to other species and parameters by
adjusting the results according to the scalings provided in Eqs. (l)-(4).
For ions with energies close to their proper range for ICF, the ion power
density on target is reduced to about 22 TW/cm2 for 3.3 MV protons and
about 21.5 TW/cm 2 for 5.7 MeV deuterons, again with the 6.5-cm radius

diode.
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PULSED POWER PHYSICS TECHNOTE 93-03

TITLE: INITIAL RESULTS WITH AN EMFAPS ON GAMBLE II

AUTHOR: D. Hinshelwood

DATE: March 23, 1993

I ABSTRACT: This note describe§ the *results of our first shots with an EMFAPS
(Exploding metallic foil anode plasma source) installed on the Sandia
magnetically insulated diode on Gamble II. The main purpose of this run
was to relate the POS conditions (plasma delay and injection geometry) to
the foil and POS currents, and the metallic foil arrangement used was not
expected to produce a very uniform ion source. Nonetheless, on two shots
we did obtain significantly improved diode performance. Compared to
non-EMFAPS shots, these shots exhibit a faster-rising, higher ion current,
a much faster initial impedance drop. a slower subsequent impedance
collapse, a reduced peak insulator -voltage, and an increased ion beam
energy. Plans for future work are also described here.
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This note describes the results of our first shots with an EMFAPS (Exploding I
metallic foil anodc plasma source) installed on the Sandia magnetically insulated diode on
Gamble II. The main purpose of this run was to relate the POS conditions (plasma delay I
and injection geometry) to the foil and POS currents, and the metallic foil arrangement
used was not expected to produce a very uniform ion source. Nonetheless, on two shots
we did obtain significantly improved diode performance.

A drawing of the experiment is shown below:

EMFAPSI

ARRANGEMENT ON
GAMBLE 1 3

Cable guns (6) I
25 kV, 0.6 ItF

I
I
I

5/64 in apertureSteel bolt (6) I
Delrin insulator (6)

Rogowski 3<- To TTI Epoxy -I

SA SS303
Coil feed • Iyl

<-Aluminum

Aluminum I
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I
Six plasma guns inject plasma from the cathode to six steel bolts which are located

on the anode, but insulated from it by Delrin bushings. The anode tip comprises two
m concentric stainless rings connected by Thermoset (600/70) epoxy. A metallic foil on the

epoxy surface bridges these rings. The inner ring is connected to the six bolts. When the
generator is fired the current flows along the anode, past the bushings, through the foil,
out the bolts, and through the plasma across to the cathode. This current heats the metal
foil, desorbing adsorbed gases and/or surface contaminants. This material is subsequently
ionized by the voltage across the foil, resulting in an anode plasma. Eventually the
bushings flash over due to the inductive .and resistive voltage drop and because MlD
forces push the plasma channels fbrward from the bolts and off the bushings. At this point
the foil current crowbars and subsequent generator current flows in a standard POS
arrangement. Finally, the switch opens and energy is transferred to the diode.
Performance of this source depends critically on the timings of both the foil current
crowbarring and the switch opening.3 Because of a bug in the AIIIETA program we were not able to calculate the exact
applied magnetic field configuration in this experiment. Sandia personnel are fixing this
bug; in the mean time, the calculated configuration used immediately prior to this run was

Sused as a starting point. This configuration is shown below:

Sco%.*- -. oWo-do" fTH[R CoLcutLotLon
, oon - I.60 1'i' 02MID-S58'

0

cO.WO -O.58 -0.015 -0.04 --0.02 0.00 0.02 0.0 0.06 0.08 0.10

z (MIl) 03/17/S33 15:23:13

The EMFAPS anode tip extends 6.4 mm, beyond the tip in the configuration above. To
mm compensate for this in the absence of a code calculation, the cathode coil curents were left

unchanged while the outer and inner anode coil currents were increased by 25 and 18
percent, respectively. To reduce cost and fabrication time, stainless rather than titanium
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was chosen for the EMFAPS anode tip. Most of the tip is fairly thin, and in particular the I
inner ring is spun from 0.004-cm sheet. With a coil current rise time of about 100 ps, the
calculated skin depth is about 0.8 cm so that field penetration should not be a problem.
The EMFAPS diode gap is 0.4 mm smaller than the 8-mm gap in the configuration above.

Since we do not yet have a coating capability, the vapor-deposited metallic foil
was replaced by an aluminized mylar foil which was attached to the stainless anode rings
with conducting epoxy. The epoxy was not expected to provide a suitable current contact
and indeed the measured resistance was about 1 fl, much greater than that expected from
the foil alone. This may be due in 15art to a low-voltage contact resistance, but in general, 3
arcing and assymetrical current flow through the foil would be expected.

The Delrin bushings have steps so that additional insulation can be placed under
them if needed. The insulation used at Cornell extends farther from the POS current 3
contact than these bushings do, and premature flashover of the bushings may be a problem
here. Because our transit time isolator is not well shielded, we have had trouble in the
past extracting signals through it. Since measurement of the foil current is so important, I
the Rogowski was wound with about 50, 5-mm diam turns and integrated in the screen
room. During calibration the time response was observed to be better than 10 ns,
sufficient for this experiment. I

Cable guns, developed by John Goyer at PL, are used for the plasma source. These
have a 600 cone machined in them whiclh greatly increases the resulting plasma density
relative to that produced by Mendel guns ( we used cable guns because our old Mendel
guns are in dubious condition). Therefore, the plasma flow into the POS region must be
highly attenuated in order to have a reasonable gun-to-generator timing window for this
experiment. A large part of this run comprised short circuit shots to determine POS
timing scans for several gun arrangements. For these shots, the Delrin bushings were
replaced by netal washers and a short circuit was placed in the diode. Initially, the guns
were recessed in the 8--rm tubes shown in the drawing, with 6-mm apertures at the ends.
This produced too much plasma. Next, only three guns were used and the doghouse
voltage was reduced to 17.5 kV. Our two good shots were obtained with this 3
arrangement although the timing window was narrow. No conduction at all was observed
when the 0.6 IiF doghouse capacitors were replaced with 0.02 Ip caps. Finally, the
apertures were reduced to 2-mm diam as shown in the drawing, and all six guns were used I
with a 25 kV doghouse voltage. The timing window is still narrow with this arrangement
and even smaller apertures will be used in the future.

Typical short circuit shots are shown below: These shots were taken using I
different gun configurations so the timings can not be compared directly, but they are
representative of all the short circuit data. At small delays (for a given configuration) the
load current is simply delayed, at longer delays poor switching is indicated, and risetime
sharpeneng is never obsereved. Poor switching would be expected in positive polarity at
such a large radius, but also note that there are no anode monitors in this experiment and
some of the "loss" could be vacuum electron flow.
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U Results from the diode shot below show an interesting feature. Shot 5610 had the
same switch configuration as shot 5607 above and a smaller delay. However, the switch5 appears to conduct more current on shot 5610. Similar behavior was observed on other
pairs of shots. John Greenly has observed this feature at Cornell also. In the graphs
which follow, the door current is measured by four summed B-dots located in the first part
of the vacuum section and u)stream of the switch. The diode current is measured by three
summed B-dots located just outside the outer cathode. The ion current is obtained by
subtracting signals from two sets of three summed B-dots, located just inside the outer
cathode and just outside the inner cathode. In practice, the latter signal is almost
negligible as seen below, indicating that little electron current is emitted from the inner
cathode. (John Greenly has suggested that this is a good operating situation for an MID.)
The B-dot signals are integrated and then an ad hoc correction is applied to compensate
for the time reponse degradation resulting from field diffusion around the monitors. This

I consists of an RC time constant correction using a negative time constant whose value is
chosen to give the best waveshape match on short cirsuit shots.

On the MID shots taken before this run the calibration for the diode current signal
I appeared to change from shot to shot, as if one of the individual B-dots was not working,

and this monitor was basically useless. After the first few shots on this run things seemed
to settle down but still the calibration (as determined from periodic short circuit shots3without plasma) varied by ten percent or so during the run. With the POS this diagnostic
is vital and by the end of this run all three B-dots on both sides of the outer cathode were
recorded individually. This will be continued in the future so that if one B-dot is obviously
unphysical its signal can be discarded. The anode current monitors were not useable
because of our noisy transit time isolator. In the future a high priority should be placed on
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installing a better isolator so that at least the total diode anode current can be measured toI
characterize better the POS.

On shot 5610 the foil current reaches about 25 kA before it crowbars. On some
shots it reached as high as 50 kA, so that premature flashover of the Delrin bushings may
not be a problem

The right hand graph shows signals from individual B-dots, both outside and inside
the outer cathode. Note the great asymmetry - one of the ion currents begins well before
one of the diode currents. This asymmetry is likely associated with the poor switching and
large foil current, and is hopefuilly not representative of a shot with lower -POS

conduction.

Soo. . . . I
450 Shot 5610 currents Shot 5610 currents
4 Delay = 2.7 jis

350
DDoor Door Diode

Diode N
o 200 

,- ""
.4 250 //l-

100 -------, ,{' ~ ' *.~

50 ,t'' Foil Ion ion

50~ ~ ~ ~ 0 Ion.,• - . o

------ -------- i---

0 30 60 90 120 150 0 30 60 90 120 150

Time (ns) Time (ns)

Three shots are compared in more detail in the following graphs. Shot 5584 is the
last shot taken before the EMFAPS hardware was installed. The magnetic field contours
shown previously were calculated for coil currents used on this shot. Shots 5594 and
5595 were taken during this run. These shots had the same switch configuration and delay
time and show no measureable switch conduction (I believe that the dicrepancy between
the door and diode currents arises from problem. with the diode monitor). On both shots
a crowbarred foil current of about 5 kA is observed, indicating that some small current
conduction through the switch did occur. These two shots differ in that a much higher ion
current is observed on shot 5595. Since everything else was the same this difference is
attributed to the foil conditions; evidently the foil current on shot 5594 flowed in sucn a
way as to produce a poor anode source. Such a shot to shot variation could be expected
for the relatively crude foil arrangement used in this run.

The calculated open circuit voltages for these three shots have the same timing,
shape, and amplitude so that waveforms from each shot may be compared directly. Note
the much smaller current on the non-EMFAPS shot.

I
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Diode behavior on these three shots is compared further in the next six graphs.

* The impedance is defined here as the corrected voltage divided by the door current. The
electron current is obtained by subtracting the ion current from the door current, and thus
includes any vacuum electron flow from the switch. The efficiency is defined as the ion
current divided by the door current. The most prominent feature of these graphs is the
much faster initial impedance drop on the two EMFAPS shots. These two exhibit
relatively similar impedance behavior although shot 5595 shows a slightly faster initial

I drop and significantly slower subsequent collapse. This similarity is interesting in view of
the great difference in ion current between these two shots. While shot 5594 shows a
higher ion current than shot 5584, the ion efficiency is actually reduced relative to the non-
EMFAPS shot. One possibility is that the difference in impedance behavior between the
EMFAPS and non-EMFAPS shots is not due to the improved ion source but is related
rather to some subtle differenve between the magnetic field contours of the two
configurations.. This could allow more electron loss on shot 5594. On shot 5595, the
additional ion current could conceivably help to insulate the electron loss, maintaining the
same total current, analagous to the critical current of a self-insulated diode.
Alternatively, the similar impedance behavior on the EMFAPS shots could be fortuitous:
On shot 5595 the rapid drop results from the ion current. On shot 5594 the total ion
current is presumably retuced because of a poorly formed ion source, and John Greenly
has pointed out that any azimuthal asymmetry in the ion current could also cause an
increased electron loss.
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In any event the results so far are encouraging. Even with the rather crude foil
fl current contacts, on two shots (one other like shot 5595 occurred) we have obtained a

much improved impedance behavior (which may not be due completely to the ion source),
both in terms of the faster initial drop and slower subsequent collapse, and a much greater
ion efficiency. The faster initial impedance drop results in a greatly reduced peak diode
voltage. Since the peak ion current occurs earlier, the average ion voltage is not reduced
and the ion beam power is increased, as shown in the last two graphs. The ion beam
energy has been increased by 50 percent. The reduced peak insulator voltage should allow
operation without flashover at an increased machine charge and thus allow higher ion
voltages to be achieved. With a proper (i.e., vacuum deposited) foil arrangement, further
improvement in the ion current onset and fraction may be expected.

The main thrust of work in the immediate future will be to develop a coating
capability here. The deposition so far at both Cornell and KfK has been performed using
thernal evaporation. While suitable for aluminum and copper, this technique is generally
difficult for titanium and palladium (although Hans Bluhm says that they have had no
difficulty). While we were first told that anything other than a thermal evaporation system
would be too costly, I now see that a sputter deposition system should be quite affordable
and will give much greater capability than a thermal evaporation system. I am in contact
with the Sandia technician who will be assisting Mike Cuneo and should have the
necessary equipment ordered soon. Also, a local contractor has offered both to coat some
anodes in the interim and to help us (as a paid consultant) get started.

Beyond this, as soon as ATHETA is available we should model the EMFAPS
configuration with the goal of optimizing the field coniguration. And, as stated before the
transit time isolator should be improved to the point where we can monitor the anode
currents in the diode.

Finally, Ron and Steve have suggested that we should consider trying to drive the
foil with an external pulser. After discussing this idea we have some thoughts on how to
do this and may get around to trying them. If successful, this approach would add a large
measure of control to the EMFAPS technique.

9
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PULSED POWER PHYSICS TECHNOTE 93-19

TITLE: INITIAL PULSER-DRIVEN EMFAPS RESULTS

Author: D. Hinshelwood, R. Fisher, and J. Neri

Date: November 18, 1993

Abstract: This note describes our work on pulser-driven EMFAPS to date. Anodes have
been coated and vaporized, both on the bench and in an experimental run on
Gamble II. The results of that run are presented in TN 93-18; this note
describes our pulser and coating system status and presents the results of our
bench studies. The foils have been diagnosed using electrical measurements,
interferometry, spectroscopy, photography, and photometry. We see that the
foils vaporize at actions lower than expected, which we attribute to semi-
microscopic non-uniformities in the foil. This early vaporization may limit the
proton inventory available to the diode. Planned improvements are discussed.
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IN'TRODUCTION

This note is a companion to Jess's TN 93-18: together these describe the current
status of our EMFAPS effort. This note focuses on the development of a pulser to drive
the foil externally, and bench tests of exploding foils.

Our EMFAPS effort was first suggested by Mike Cuneo as a technique for
obtaining a high-quality proton beam from the SABRE diode on Gamble II, in order to
facilitate relevant ion beam transport experiments. Later, the goal was expanded to
include the study of EMFAPS technology in general with the goal of fielding a source on
SABRE. EMFAPS operation requires a current of tens of kA to be driven rapidly through
a thin metallic foil on the anode surface. This current can be supplied by a partial
diversion of the pulsed power to the diode, by an early diversion of the electron flow in
the diode (limiter-EMFAPS), or by an external pulser. All of these approaches have
advantages and disadvantages. With only a small fraction of the incoming pulsed power, a
high current can be supplied quickly to the foil. In the successful implementations of
EMFAPS to date, at Cornell and KIK, a POS in re-entrant geometry is used to divert the
early portion of the machine current through the foil. This scheme was also used in our
first EMFAPS experiments on Gamble II. The drawback to the POS approach is the
difficulty in obtaining reproducible operation. This was particularly true in our first
experiment, but even at KfK they are not completely satisfied with this approach and
eventually plan to use an external pulser. We have also considered more passive means of
diverting the early pulsed power, using inductive, resistive, or capacitive division, and
have concluded that it would be very difficult to divert enough current quickly to drive the
foil. Limiter-EMFAPS is particularly attractive on Gamble II because of the low
generator impedance which gives us plen,"y of current, and because of the other beneficial
effects that result from the use of a limiter. However, this approach may be less attractive
on a higher-impedance machine such as SABRE, and serves to constrain diode design.
The use of an external pulser offers several advantages: the foil current, and the delay
between foil current and machine current, may be varied independently to allow better
control of EMFAPS operation; the source may be studied and developed on the bench
under the same driving conditions as on machine shots; and in principle the source may be
easily transferred to other machines. Pulser-EMFAPS suffers from the difficulty of
developing a pulser that can supply the required current, and possible difficulties in
synchronizing the pulser to the machine. However, we believe that pulser-EMFAPS has
the best long-term potential and have concentrated on this approach.

PULSER DESIGN

Pulser-EMFAPS can itself be pursued by two approaches. Either a very compact
pulser, that can be located close to the foil, can be designed, or a low-impedance cable
feed can be used to supply current from outside the machine. For now we have chosen
the latter, because the pulser design is simplified (it need not be built for vacuum or water
immersion), because access to the pulser (if needed during a run) will not be a problem,
and because this scheme will be the easiest to adapt to SABRE.
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Our pulser design is still evolving and the gory details will be presented in a later
note. Initially, 15, type-C cables were used to provide a 2-2 feed. However, we had
troubles with cable breakdowns during the run and after some testing found that RG-223
has (surprisingly to us) superior breakdown strength. Now we use 30 RG-223 cables to
give a 1.6-0 feed (although we have not yet replaced a 9-ns section of the 2-0 feed at the
load). This is about the maximum number that will fit through the Gamble II transit-time
isolator, Our present pulser comprises a four stage LC inversion network, with 8, 2.7-nF,
45 kV doorknob capacitors per stage. A sketch of the circuit, and the waveforms for a
roughly 42-kV charge, are shown in Fig. 1. The pulser produces 30 kV across the 1.6-)
load with a rise time of about 10 ns. This relatively low voltage is the result of energy
losses in the spark gaps and an overmatch between the pulser and line impedances. More,
lower-inductance capacitors have been ordered to correct the latter problem, and we plan
to operate with a 50-kV voltage wave on the cables. Figure 2 compares the calculated3forward-going voltage waves at the pulser and at the load. Substantial degradation of the
pulse is seen to occur. Reflections at the 241 section near the load probably account for
part of this degradation. Most of the degradation, however, appears to be caused by
dispersion in the cables. If so, this could be a problem for SABRE where the cables must
be even longer. The greater diameter of the SABRE line, however, should allow the use
of better (i.e., RG-214), or more, cables. If necessary, a peaking circuit could also be
added near the load. For Gamble II, we could always locate the pulser close to the load if
necessary. In summary, while this pulser arrangement has allowed a partially successful
EMFAPS on Gamble II (see Jess's Technote), further improvement is required. With the
new capacitors and a uniform cable feed, we should be able to obtain 50-60 kA through
the foil with a rise time of 20-25 ns. If necessary, this rise time could be reduced with a

U peaking circuit.

Figure 3 shows the current and voltage measured at the load for a short circuit in5 the foil location. VCOR is the voltage across the foil itself, corrected for the 12 nH
between the voltage divider and the foil. The finite corrected voltage calculated for this
short circuit results from small errors in the current and voltage measurement and
illustrates the uncertainty in determining the foil voltage.

The pulser must be triggered from Gamble II with a minimum of jitter, which we
had anticipated to be a potential difficulty. In addition, with the LC circuit used,
simultaneous triggering- of the two stages is a concern.' Gamble II consists of a Marx,
intermediate store, water switch, PFL, oil switch, transformer section, and diode. The
transformer input is a fast-rising pulse which has no jitter relative to the diode. However,
it does not come early enough for the pulser to erect and for the pulser output to reach the
diode. The use of a signal derived from the PFL dV/dt provides for a sufficient delay, but
this signal has a -50 ns rise time, and the oil switch jitter now comes into play. In

practice, however, we found that the pulser could be triggered quite reliably. An air-gap
peaking switch sharpened the trigger pulse, and the use of a 50 92 trigger cable provided
plenty of current so that both of the initial switches on the pulser (see the sketch in Fig. 1)
closed together. The output switch was operated in a self-break mode. With this
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arrangement, the combined jitter of the oil switch, two initial pulser switches, and pulser
output switch was about 10 ns. If necessary, this could be reduced still further by
triggering the pulser output switch from the transformer input signal.

COATING SYSTEM

Our EMFAPS anode design is shown in Figure 4. The anodes consist of two
stainless rings held together by low-viscosity epoxy. First, copper contacts are coated at
the boundaries of the anode emission area, which extends from about 4.5 to 5.5 cm in
radius. Then, aluminum is coated over the emission area and the contacts. Mini-mak

sputtering guns, supplied by US Gun, are used to apply the coating (Kerry Lampa from
SNL guided us to this manufacturer and has provided invaluable advice in setting up our
sputtering system.) The guns are arranged on the emission area circumference and the
anode is rotated above them to insure azimuthally uniform deposition. A masking
arrangement allows both coatings to be applied without opening up. We had some
troubles at first in maintaining a steady discharge. These were resolved after
conversations with the manufacturer by reducing the thickness of our targets. The coatingSsystem is now working quite well. At present, we coat with copper for 20 minutes at 100
W discharge power and then with aluminum for 4-20 minutes at 50 W. Most of the shots
on Gamble II were taken with 4-minute anodes. We will soon calibrate the system using
our thin-film monitor. The copper films are estimated to be about 2000 A thick and the
aluminum films estimated to be about 200 A thick for 4-minute coatings.

3 Our technology for preparing the anodes for coating is still evolving. The anodes
used in the Gamble II shots were prepared by sanding the epoxy and then waxing the
surface lightly as was done at Cornell. As at Comell, this method still results in some
visible scratches in the emission surface region and discontinuities at the epoxy-metal
boundaries. We are now trying different metal edge profiles, types of epoxy, casting
arrangements, and finishing techniques with the goal of reducing these potential problems.
Our anodes now are similar to those at Cornell in this regard, but as discussed later, the
use of a (longer current rise time) external pulser may place more demands on the foil
quality and thus the anode smoothness. One of the goals of our bench tests is to
determine just how critical the foil and current-contact smoothness is.

At present, we find that the growth rate of our films is strongly dependent on the
anode epoxy surface smoothness, and that slight variations in finishing can lead to
vadiations in the film thickness. This may be due to the relatively low deposition ratesI used, on the order of 50 A/minute. We will be discussing this issue with deposition
experts at NRL and SNL.

FOIL MEASUREMENTS

The foils were diagnosed using current and voltage measurements, open shutter
photography, time-integrated spectroscopy, time resolved measurement of aluminum light
emission, streak photography, and interferometry. A typical open shutter picture is shown
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3 in Fig. 5. (The dark ring is the shadow of a quartz viewport.) A reasonably uniform
luminosity is seen over the foil region. At the boundaries of this region, where the copper
contacts begin, increased luminosity is oberved as if arcs are occurring. At the further
edges of the copper contacts, particularly at the inner diameter, further spotty light is
observed. The degree of uniformity and of apparent arcing varied from shot to shot, in
part because of differences in anode preparation, and this picture represents and "average"
shot. The degree of arcing seen here is similar to that seen in published data from KfK,
and may not be a problem. This shot was taken without an applied field; there is some
indication that radial striations in the luminosity are observed when shots are taken with
the field coils energized. John Greenly has seen a similar phenomenon at Cornell.

Time-integrated, spatially-resolved spectrograms show only two sets of strong
spectral lines: the neutral aluminum resonance lines at 3944 and 3966 A, which originate
mainly from the anode emission area; and neutral copper lines at 3247 and 3274 A, which
originate from the current contacts. One line attributed to Al I was observed, but other
lines expected from that species were not. Faint continuum and other line emission is also
recorded, and no line emission from hydrogen is observed. The fact that copper light is
observed indicates that some form of arcing is occurring at the current contacts since the
copper contacts should be much too thick to vaporize under the action applied here.

U Electrical characteristics for a shot with a 4-minute aluminum coating are shown in
Figure 6. Comparison with Fig. 3 shows that the corrected voltage never rises greatly
above the noise level, but the two sets of traces suggest a foil resistance that rises from
near zero to a value of about 0.4 L2 before dropping to a much lower value.

Optical and interferometric data for this shot is shown in Fig. 7. A large-diameter
photodiode (PD) is used to record visible light emission without spatial or spectral
resolution. When the photodiode was covered with an interference filter for the Al I line3 at 3961 A no signal was observed, indicating that light emission is dominated by the
continuum and lines that appear only faintly on the film. A photomultiplier (PMT) is used
with a spectrometer to record the Al I line emission. In this case no measurable signal is3 observed when the spectrometer is detuned. These data are corrected for all optical path
lengths and for the photomultiplier tube intrinsic delay. Both broad-band and neutral
aluminum light are observed tc begin at about the moment of foil voltage collapse.

The electron density is measured using our standard, 40-MHz heterodyne-phase-
detection interferometer. The -3-mm diam beam was :ligned to graze the anode. The
short (2-cm) path iength here leads to a relatively large noise-equi',alent average density,
and on this shot the electron density barely exceeds that value, rising to lx 1015 cm-3 well5 after the pulse.

Figures 8-10 compare total light, Al I emission, and the calculated electron density
for shots using anodes with aluminum coating times of 4, 10, 16, and 30 minutes, giving
approximate foil thicknesses of 200, 400, 600, and over 1000 A. In comparison with the
4-minute anode, the 10-minute anode shows a later onset of both total and aluminum light
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emission and a roughly four-fold higher electron density. With the higher density the S/N
ratio improves and the density can be seen to start near the time of peak current, about 30 I
ns after the onset o-1 light emission. The later apparent vaporization time and higher
density seen here would be expected for the thicker coating. With the 16 minute anode, 3
no further increase in time of light emission onset is observed and the electron density is
actually lower, relative to the 10 minute anode. For the 30 minute anode, neither
aluminum light nor measurable electron density is ever observed. The corrected voltages I
for these shots are consistent with the light emission traces: for the 10 and 16 minute
anodes the corrected voltage drops at the time emission begins, and no noticeable
corrected voltage is observed for the 30 minute anode.

INTERPRETATION

Tucker and Toth present resistivity and phase transition occurrences for various
metals as functions of specific action (A2 -s/cm4 ) and specific energy density in a SNL
report (SAND-75-0041). The former is a more useful quantity for comparison with the
present experimental results because of the uncertainty in the foil voltage. For aluminum,
vaporization begins at a specific action of 4.9x108 A2-s/cm4 and a resistivity of 42 i.Q-
cm. By the end of vaporization, or burst, these values become 6.6x10 8 and 390,
respectively. The calculated actions and resistances corresponding to the beginning of
vaporization are compared with those measured at the time of light emission and voltage
collapse for the four shots above in the following table (neither occurred on HP54 so the
action is that at the end of the current pulse):

Shot Thickness Pred action Meas action Pred res Meas res
(A) (A2-s) (A2 -s) (n) (0)

HP49 200 +/-100 0.54.5 0.2-0.8 .5-1.4 0.2-0.6
HP50 400 +/-150 2.8-14 1-3 .25-.6 0.1-0.4

PI-51 1600 +/-200 7.2-29 1-3 .17-.35 0.1-0.4
HP54 1000 +/-200 29-65 >40

At least on two shots, aluminum is vaporized much sooner than predicted. The
foil resistance is also lower than expected, especially since the predicted values correspond
to the beginning of vaporization; those predicted for burst are almost ten times greater. A
likely explanation for the early vaporization is that the foils are not completely uniform.
Polishing the anodes prior to waxing leaves a very fine pattern of azimuthal scratches
resembling a phonograph record. These persist in the coated films as areas of variable
transparency, indicating a non-uniform film thickness, i.e., a radial scan of the film
thickness would have a sawtooth profile. The thinner regions would then vaporize at an
action much lower than the value predicted for the average foil thickness, and yet these
regions may contribute little to the total resistance if they constitute a small fraction of the
foil radial extent. The early vaporization may be exacerbated in our experiments because
of the relatively slow current rise time.
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The collapse of the foil voltage on these shots occurs at values of 5-10 kV, which
seems low for a rapid gas breakdown to occur. One possibility is that arcs at the current
contacts produce electrons to initiate this breakdown. To examine the breakdown
evolution, a few shots have been taken using a streak camera, with the slit aligned in the
radil direction. The resolution of this measurement is limited by the low light levels
involved, but indications are that light is observed from the foil emission region before the
contacts light up. This indicates that arcs at the contacts are not the cause. Another
possibility is that if small regions of the foil vaporize first, breakdown may be added by the
semi-microscopic field enhancement that would result.

The above data point to two possible factors that may have limited the diode
performance on the past Gamble II run: the vaporized foils may not have supplied enough
protons, resulting in a source-limited ion current; and, the relatively long delays between
foil breakdown and the diode pulse may have allowed plasma and/or neutrals to move out
into the diode, possibly causing parallel load losses. Both of these ploblems should be
corrected if the foils could hold off until past the peak of the pulser current pulse, since
that would increase the plasma (and thus proton) inventory, and allow a shorter foil-
current/diode-current delay to be used. Premature foil vaporization should be impeded by
either a faster current rise or a greater foil uniformity, and both of these approaches will be
pursued.

FUTURE WORK

SWork at present is proceeding in parallel in three areas: (1) A limiter-EMFAPS
run will begin on Gamble II next week. In addition to furthering our study of EMFAPS
physics, this will allow our programs that require an MID source to proceed. (2) We will
continue to investigate the coating process and to study foil explosions on the bench. (3)
An improved pulser will be constructed. Progress in these areas should allow us to field a3 successful pulser-driven EMFAPS source on Gamble II.
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I SECTION THREE

3 INTENSE BEAM TRANSPORT

During the contract period , JAYCOR personnel were involved in all aspects of the
NRL light-ion beam transport program. This program involved both theoretical and
experimental investigation of beam transport in support of the Sandia National Laboratory
(SNL)/Department of Energy (DOE) Laboratory Microfusion Facility (LMF).
Experimental and theoretical investigations of many transport issues pertinent to the LMF
were carried out during the contract period. These investigations included z-discharge
transport of light-ion beams, ballistic transport/solenoidal focusing of light-ion beams,
wire-guided transport of light-ion beams, time-of-flight (TOF) bunching and focus-sweep
effects for light-ion transport, and LMF level, wall-stabilized, discharge channel
development. In addition, experime-nts of conductivity evolution in beam/neutral gas
systems were performed. Finally, a study of ion beam-induced radioactivity was
performed in support of future ion beam experiments at SNL.

At the direction of the COTR, ion-beam related research was expanded to include
the use of ion beams to simulate nuclear weapon effects (NWES), and the use of ion
beams to evaporate material for thin-film production.

1 3.1 Ballistic Transport of Intense Light-Ion Beams

The LMF will employ 10-30 beam generators packed around a centrally located
inertial-confinement-fusion target of 1 cm radius. Transport of intense light-ion beams
over approximately 4 m from the generator diodes to the target is required for standoff5 from the explosion, time-of-flight bunching of the beams, and packing of the PUliý power
generators. The beam produced by applied-B diode designs is annular and is extracted
parallel to the axis by appropriate anode shaping. The baseline transport scheme in the
Sandia LMF design uses ballistic propagation of a 12-15 cm radius beam to the target
chamber wall (of approximately 1.5 m radius), where a solenoidal lens acts to focus the
beam on the target. This scheme, referred to as ballistic transport with solenoidal focusing
(BTSF), has been analyzed using realistic constraints on diode/generator performance,
source microdivergence, and chromatic effects.

Both ideal "thin-lens" approximations and detailed magnetic field maps have be'-
used to evaluate the BTSF scheme for suitability in the LMF design. Energy transpoit
efficiency, the ratio of deliverable energy to total system energy, was determined over a
large parameter range appropriate for an LMF. Results indicated that transport
efficiencies of 75-100 % are achievable for BTSF in parameter ranges of interest.

3 3.2 Z-discharge Transport of Intense Light-Ion Beams

Another transport scheme under evaluation for the LvF is z-discharge transport
(ZDT). This scheme employs a transport channel of radius approximately equal to the
target radius to confine and transport the beam close to the target. A numeric and analytic
investigation was carried out to determine transport efficiency under LMF constrained1!1
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parameters. In addition, transport in wall-stabilized channels was evaluated experimentally
and theoretically with intense proton beams generated by the NRL GAMBLE II
accelerator

LMF designs employing z-discharge transport involve geometric focus of an
annular beam of 12-15 cm radius over 1.5 m onto the entrance of either a free-standing or
wall-stabilized z-discharge channel. Confined by the channel's azimuthal magnetic field
profile, beam ions are transported to the end of the channel (approximately 2.5 m) which
is placed near the target. Packing of the N discharge channels around the centrally located
target determine a final ballistic transport distance from the channel exit to the target. In
this standoff region of a few centimeters, the N beams combine to symmetrically drive the
target implosion. Similar to the work carried out for BTSF (see Sec. 3.1), a systematic
study of the energy transport efficiency under a variety of parameters appropriate for a
light-ion LMIF was carried out. This study concluded that energy transport efficiencies in
the range of 75-100% are obtainable for parameters of interest.

Experiments carried out on the NRL GAMBLE II accelerator employed a wall-
stabilized z-discharge transport channel at distances between 20-30 cm from the ion diode.
In these experiments, 90% energy transport efficiencies were observed with 2.5 cm
diameter, 1.2 m long discharges. Inside the discharge channel, 2 Torr of air was used.
Three-dimensional orbits code calculations were performed to analyze shadowbox witness
plate images and energy transport efficiencies. These calculations included classical
stopping in the discharge gas, variable magnetic field models within the discharge, and
actual diode waveforms for voltage and net ion current.

3.3 Effects of Time-of-Flight-Bunching (TOF) on Transport Systems for LMF

Current light-ion LMF designs call for power compression by TOF bunching.
TOF bunching is accomplished through suitable ramping of the voltage at the diode. This
voltage ramp results in time-dependent focusing of the beam in the diode, which in turn
moves the focal spot of the beam in time. Under conditions appropriate for LMF, three
transport schemes were examined: BTSF, ZDT, and wire-guided transport (WGT). In
this study, energy transport efficiencies were calculated as functions of various system
parameters for each transport scheme. The analysis takes into account target requirements
and realistic constraints on diode source brightness, packing, beam transport and TOF
bunching through voltage ramping. Results indicate that energy transport efficiencies
>50% can be obtained for all three transport schemes for parameters of interest.

3.4 Wall-Stabilized Discharge Channel Development

The wall-stabilized z-discharge channel described in Sec. 3.2 was successfully
zcaled to light-ion LMF design parameters. An investigation of the electrical behavior of
discharges with various gas species, pressures, lengths, and currents was performed.
From these experiments, the required dielectric strengt. of the discharge channel wall was
determined. A low-mass, low-Z wall construction with sufficient dielectric strength was
demonstrated at LMF level parameters. The discharge internal dynamics were studied
using interferometry, framing photography, spectroscopy, and magnetic-field
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i measurements. Measurements showed that the discharge initiates by breakdown along the
channel wall, even when the gas is pre-ionized. The discharge was observed to consist of
an MI-ID stable, imploding, thick annulus, whose inner and outer radii both decrease in
time. This annular profile contributed to subsequent understanding of proton-beam
experiments with z-discharges on GAMBLE II. A zero-dimensional model was developed
to model the discharge behavior. This model reproduces approximately both the discharge
dynamics and the electrical characteristics over a range of parameters. Calculations
indicate that the beam ions will lose only 10% of their energy during transport through the3 discharge at LMF level parameters. The results of this work confirm that wall-stabilized
z-discharge transport is a viable, backup approach to transport in a light-ion LMF.

3 3.5 Current Neutralization of Intense Ion Beams

Light-ion LMF designs require the stable transport of intense ion beams in
background gas densities of approximately I Torr. JAYCOR personnel were involved
with all aspects of first experiments into ion beam transport in this intermediate pressure
regime. LMF designs suggest 1 Torr of helium as the background gas to allow sufficient
conductivity grow for stable transport and minimization of collisional energy loss and
scattering of the beam. The NRL GAMBLE II accelerator was used to produce 1 MeV
proton beams to study ion beam induced gas ionization and subsequent plasma
conductivity growth. The proton beams were apertured down to approximately IkA
through a collimator and injected into a transport region. Here, the species and density
were systematically varied over a limited parameter range. Net current fractions of 2-8%
were measured outside the beam channel. Ionization was observed to be confined mainly
to the beam channel with ionization fractions of a few percent. Detailed computational
analysis was performed using the IPROP and DYNAPROP simulation codes. This
analysis suggested that net currents are 3-5 times larger inside the beam channel than
measured r.nt currents and that fast electrons and their secondaries carry a significant3 fraction of the return current in a halo outside the beam.

3.6 Light-Ion Beam Induced Nuclear Activation

Inherent in the operation of high-power ion diodes is the possible activation of
surrounding and support materials in the vicinity of the diode and beam. To examine this
issue for the SNL pulsed power devices PBFA U and SABRE, JAYCOR personnel were
involved in a survey of radioactivity's produced by these intense beoms striking common
accelerator materials such as carbon, brass, steel, titanium, and aluminum alloys. Studies
were conducted for reactions induced by lithium, proton, and deuteron beams up to 15
MeV for lithium and up to 10 MeV for protons and deuterons. Radioactivity producing
reactions were tabulated and data on yield and half life for these reactions was taken from
the published literature, when available. For incident lithium ions, the yields for the
identified reactions decrease as the atomic number of the target is increased, and these
yields increase rapidly with incident lithium energy up to the Coulomb barrier. For
incident protons, residual activities with hour-to-day half-lives were observed and yields
for these reactions increase rapidly with increasing proton energy. For deuteron beams,
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discrepancies for the same reaction cross section measured by different researches was
apparent. Deuteron-induced reactions tended to have lower thresholds, and yields
increased with increasing incident particle energy.

3.7 Soft X-ray Simulation With Light Ion Beams

JAYCOR personnel were involved with the application of intense ion beams for
the simulation of soft x-rays for material-response studies. Proton beams produced by the
NRL GAMBLE II accelerator have been demonstrated to simulate the soft x-ray
mechanical deposition response in materials. Proton fluences of 50 cal/cm2 over target
areas of 100 square cm have been measured with a spatial uniformity of ±10 percent. Ion-
orbit codes developed for light-ion transport have been modified to predict fluences for
individual GAMBLE II shots utilizing dioaes models described in Sec. 2 and were
benchmarked against other orbit codes developed during the course of this work. The
applicability of the low-debris "backless" diode, described in Sec. 2, was demonstrated in
this study.

Also during the course of this and other work with MeV proton beams, JAN COR
personnel were involved with the development of proton-beam fluence diagnostics
including carbon-activation arrays and x-ray pinhole imaging of fluence distributions
These diagnostics provided measurements over 100 square cm areas with uncertainties of
20 percent (carbon activation) and spatial resolutions of 3-4 mm (Al K-line x-rays imaged
by pinholes).

3.8 Pulsed Ion Beam Evaporation for Thin-Film Deposition

JAYCOR personnel have played an active role in developing new industrial
applications for intense ion beam technology. Ion beams have the ability to deposit energy
quickly in a highly localized region and so have great promise for materials modification.
Pulsed iond beam evaporation is one technique presently under investigation at NRL. The
ion beam is used to vaporize and ablate material from a target, and this material is allowed
to deposit on a nearby substrate. This technique is a direct analog to the well-established
pulsed laser deposition, but has significant potential advantages in that ion beams can be
generated much more efficiently than laser beams. In initial experiments, films of several
materials have been deposited and characterized, and the expanding plumes of material
from the targets have been diagnosed.
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B Ballistic transport and solenoidal focusing of Intense ion beams for inertial
confinement fusion

P. F. Ottinger, D. V. Rose,a) and J. M. Neri
Plasma Physics Division, Naval Research Laboratory, Washington, DC 20375.5000

C. L Olson
Sandia National Laboratories, Albuquerque. New Mexico 87185
(Received 16 December 1991; accepted for publication 31 March 1992)

Light-ion inertial confinement fusion requires beam transport over distances of a few meters for
isolation of the diode hardware from the target explosion and for power compression by
time-of-flight bunching. This paper evaluates ballistic transport of light-ion beams focused by a
solenoidal lens. The ion beam is produced by an annular magnetically insulated diode and is
extracted parallel to the axis by appropriate shaping of the anode surface. The beam propagates
from the diode to the solenoidal lens in a field-free drift region. The lens alters the ion

trajectories such that the beam ballistically focuses onto a target while propagating in a second
field-free region between the lens and the target. Ion orbits are studied to determine the transport
efficiency 71, (i.e., the fraction of the beam emitted from the diode which hits the target) under
various conditions relevant to light-ion inertial confinement fusion. Analytic results are given for
a sharp "boundary, finite thickness solenoidal lens configuration, and numerical results are
presented for a more realistic lens configuration. From the analytic results, it is found that 71, can
be in the range of 75%-100% for parameter values that appear to be achievable. Numerical
results show that using a more realistic magnetic-field profile for the lens yields similar values of
"q" for small radius diodes but significantly reduced values of 77, for large radius diodes. This
reduction results from the radial gradient in the focusing field at larger radius.

1. INTRODUCTION sents a similar evaluation of ballistic transport with sole-

The Laboratory Microfusion Facility (LMF) has been noidal lens focusing for LMF.

proposed for the study of high-gain, high-yield inertial con- A schematic of one module of an LMF system using

finement fusion (ICF) targets using either lasers or ion solenoidal lens focusing and ballistic transport is shown in

beams as a driver. A multimodular light-ion approach, Fig. 1. An extraction applied-B ion diode will be used to

based on Hermes-III accelerator technology,-is presently generate the Li+i beam.'1. 2 In order to extract the beam

under investigation."12 Using light-ion beams for the LMF parallel to the axis, geometric shaping of the anode is used

driver will require transport of intense ion beams over dis- to compensate for self-magnetic-field focusing of the beam
tances of a few meters in order to isolate the ion diode in the vacuum region of the diode. A foil separating the

hardware from the target explosion and to provide suffi- diode vacuum region and the gas-filled ballistic drift region
cient propagation distance for power compression by time- will strip the beam to Li+3 . Once through the foil, the gas
of-flight (TOF) bunching. Several different transport provides charge and current neutralization of the beam for
schemes are being considered for a light-ion LMF.13 .4 The ballistic transport to the solenoidal lens.' 3 The lens alters
baseline approach involves an achromatic magnetic lens the ion trajectories such that the beam focuses as it trans-
system and ballistic transport.5-7 The achromatic lens sys- ports ballistically from the lens to the target.14 Again, gas
tem consists of the ion diode itself, through ion orbit bend- in the lens region and in the target chamber provide for
ing in the self-magnetic fields in the vacuum region of the beam charge and current neutralization. The gas must also
diode, and a solenoidal lens. Advantages of this system be chosen to avoid beam filamentation, and prevent exces-
include its engineering simplicity and the absence of hard- sive energy loss due to classical stowing down. Consider-
ware requirements in the target chamber. Alternative ap- ation of these and other constraints suggestq I Torr of
priaches3.4'778 include a wire-guided transport system, a helium as a gas background.' 5 These constraints are not
low-mass wall-stabilized z-discharge transport channel, addressed in this paper.
and a laser-initiated free-standing z-discharge transport A multimodular approach will position a number N of
channel. Advantages of these alternative approaches are such systems around a high-gain fusion target, where N is
that they provide positive beam guidance until the beam is expected to be in the range of 10-30. With a target radius
very near the target, and that they allow larger radius tar- r, of about 1 cm, a total energy of about 10 MJ of 30 MeV
get chambers, an important consideration for ICF reactor Li+ 3 ions on target will be required at a total power P, of
concepts. 9-'1 Wire-guided transport 3 and z-discharge trans- about 1000 TW.' The total equivalent ion current (flux of
port4 were evaluated for LMF previously. This paper pre- Li+ 3 ions) on target I is then about 33 MA, while the total

electrical current on target is 100 MA because of stripping
")Perrranent address: JAYCOR, Vienna, VA 22182. from Li'1 to Li+ 3 when passing through the foil.
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Fl. R-= ion enters the lens, the radial magnetic field acts to impart
,btam .......lop a small azimuthal velocity. The axial magnetic field inside

- ,.beam env.lope the solenoid, combined with this azimuthal velocity, fo-
cuses the beam. On exiting the lens, the oppositely directed

stipping foil targt- radial magnetic field removes the imparted azimuthal ye-
I locity. The lens itself has a length L and the iocusing length

-1 F (i.e., the distance from the lens to the target) is deter-
A mined by the field strength of the solenoid. If the lens is

positioned in the target chamber wall, F is equal to the
A K target chamber radius R,. The total distance from the di-

_____ode to the target, T=D+L+F, is associated with the dis-SD - I-FL - F
applihd-B ballisticidrift solenoidal ballistic focusing tance required for bunching for a given voltage ramp. Un-

diode region lets, regi like the wire-guided transport and z-discharge transport
ga--" e" systems, no packing constraint applies to this problem forvacuum gas - filled

presently envisioned target chamber sizes of radius > 150
cm. This results because the packing occurs at large radius

FIG. 1. Schematic of solenoidal focusing and ballistic transport system in the target chamber walls, where the total cross-sectional
with an annular beam. Note that the figure is not drawn to scale. Typi- area of all N solenoids is expected to a small fraction of the
cally, R- 10 cm, D--200 cm, L--30 cm, F- 150 cm, and the diode gap
is a few cm. surface area of the target chamber.

For an ideal focusing lens, the beam microdivergence
half-width e. determines r., the beam spot size at the tar-

When an appropriate voltage ramp is applied to the ion get. Here, 0, is expressed in radians, and r,=Fe, for
diode, beam transport over a distance of a few meters also focusing over the distance F. For a target radius of r, r,<r,
allows for TOF bunching of the beam so that the original is required for optimal transport efficiency. Thus, with F
beam pulse duration Td is reduced during flight to that =R,, the target chamber radius specifies the required mi-
appropriate for target implosion ir,'6- Since the total crodivergence, which can be expressed as 0,<rlR,,. Beam
beam energy remains nearly constant during flight, the microdivergences as small as about 12.6 mrad have been
beam power increases roughly as rd/r; implosion physics achieved on applied-B diodes.19 For LMF, factor of 2
considerations suggest that beam compression factors in smaller microdivergence values are required for high trans-
the range of 2-4 will be required to achieve pellet driver port efficiency. For example, with r,= 1 cm and Rtc= 150
times of 10-15 ns. Because the tail of the beam may arrive cm, 0.6.7 mrad.
after target implosion, the wave-form efficiency 71,, is intro- For a nonideal lens, the beam spot size will be larger
duced to account for this wasted portion of the ion power than FO.. Without commensurately reducing 0,e, this re-
pulse. The wave-form efficiency is defined as the fraction of duces the transport efficiency. The main purpose of this
the ion-beam energy which arrives at the target within the study is to quantitatively evaluate the transport efficiency
implosion time 1"t Assuming a power compression factor suyi oqatttvl vlaetetasotefcecfor realistically modeled solenoidal lens field profiles.
from bunching of a=Td/T" a total transport efficiency of Although there are many parameters required to de-
71, and a wave-form efficiency of 71, the diode of each scribe the solenoidal focusing and ballistic transport sys-
module will need to produce an ion current Id of tem, the above considerations provide an approach for cal-

ld=I,/cah,-qN. (1) culating 77, First, it is assumed that target requirements

For a=2, -q,=0.8, -q,,=0.8, and N=20, Id is about 1.3 specify r,, I, the ion speed v0, the ion charge state Z, and

MA. the ion mass m,. Next, simple models will be used to de-

Because of the voltage ramp required for TOF buncl'- scribe the characteristics of the diode and the emitted ion

ing, the beam is not monoenergetic. Thus, the lens system current dpnsityj,(rd), where rd is the radial position on the

must be achromatic for good focusing. It has been shown anode surface of the diode. Because the diode is expected to

that a diode/solenoidal lens system is achromatic through be hollow, 12 the active area extends from an inner radius R
first order in small voltage variations. 5 This result was de- to the outer radius R. Shice it is difficult to achieve the
rived for a diode with uniform current density extending to correct applied magnetic-field profile for R, <R/2 in an
the axis. For an annular diode, the achromatic nature of extraction geometry for the applied-B diode,2 and since the
the diode is somewhat reduced. Aside from allowing for a ion-emitting area increases slowly as R, is reduced to small
bunching factor a in Eq. (1), the beam is treated in this values, it will be assumed that R,=R/2.
study as if it were monoenergetic with a nominal voltage Finally, complete beam charge and current neutraliza-
between the end points of the required voltage ramp. The tion by the background plasma will be assumed in the
issue of focus sweeping due to chromatic lens effects are ballistic drift region, in the solenoidal lens section, and in
not addressed here, but will be addressed in a future paper. the ballistic focusing region. Then 9, will be calculated.

As seen from Fig. 1, the solenoidal lens entrance is The scaling of 77, with the parameters F, G., R, L, and N
positioned a distance D from the diode, and has its axis can then be determined. The variation of 77 with this set of
coincident with the beam centerline. As an axially moving system parameters determines the impact of system re-
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quirements on the average ion current density at the diode - - -

surface Jk From Eq. (1), J1 is given by ID
Jj=Id/r(R2-R2)=4I1/(31raN.'qh7aR 2). (2) -_- .

Using R=2Ri=I2 cm for the same example as that fol- f e
lowing Eq. (1) where Id= 1.3 MA, Eq. (2) yields J/=3.8 R
kA/cm2. For R=8 cm, Ji=8.6 kA/cm2. Experimental I
measurements of J, have demonstrated values as high as ro

6-10 kA/cm2 for the applied-B diode.19'20  I rd

Section 11 of this paper provides an analysis of ion
orbits in a solenoid of finite thickness modeled with sharp ---
boundaries so that B, is uniform inside the solenoid and B,
only exists in a thin boundary layer. Analytic expressions
are obtained for ion trajectories which allow for initial con- FIG. 2. Schematic of ballistic dnft region illustrating geometry of beam
ditions including beam microdivergence. The spread in ar- injection into the solenoidal lens. As with Fig. 1, this figure is also notditins ncluingbea micodiergnce.Thesprad i ar ikawn to scale. Typically, R-. 10 cm, D-.200 cm, and 0,D- 1.5 cm.
rival times of transported ions is also considered here in
order to evaluate its effect on TOF bunching of the beam.
In See. III, a diode model is presented and 17, is calculated
for specific system parameters using the results of Sec. II. pared with the beam density and the plasma conductivity is
Then, J, is calcuiated to illustrate the parameter regimes assumed large enough so that complete charge and current
where reasonable values of the diode current density are neutralization of the beam occurs. In addition, it is as-
obtained. In Sec. IV, a more realistic solenoidal magnetic- sumed that the plasma density is not so high that beam
field model is presented. Transport efficiency is calculated scattering or energy losses become significant for the length
in this case by numerically integrating the equations of scale of beam transport. Beam propagation is also assumed
motion to propagate ions from the diode to the target. to be stable. 5 Validity of these assumptions is not ad-
Results are compared with those of Sec. II to illustrate the dressed here, but will be addressed in future work. Under
effect the more realistic field geometry. Finally, results and these conditions, ion orbits are determined by their single-
conclusions are d scussed in Sec. V. particle motion in the magnetic field of the solenoidal lens.

It is found from this work that 77, can be close to 100% Figure 2 illustrates the injection geometry and param.
for values of diode ion current density that have been eters employed in the-analysis. Ions with speed v0 are emit-
achieved and values of microdivergence that are a factor of ted from a hollow extraction diode at radii rd between R,
2 smaller than those already achieved on applied-B diodes. and R. The annular beam is extracted parallel to the axis
The analysis suggests that a design for a LMF system with and propagates ballistically a distance D from the plane of
r,= 1 cm and as few as 20 modules could be achievable the diode to the solenoidal lens. Parallel extraction is ac-
with R =8-12 cm, F- 150-200 cm, J,=5-10 kA/cm2 , and complished through anode shaping to compensate for ion
0,.<6 mrad. Such a system would have an 71, of 75%- orbit bending in the vacuum magnetic field of the diode
100%. The higher efficiencies can be obtained by going to gap. The microdivergence of the diode M, causes radial
the smaller values of F for the same N, r, R, and e . beam spreading cf order DO,. Because the ion orbit :_
However, a target chamber radius (with F=Re) of less ballistic in this drift region, the velocity components at the
than about 150 cm may be impractical. Achieving a entrance to the lens can easily be written in terms of the
smaller 0A will relax the requirements on J1 and improve initial velocity components at the diode. Using conserva-
efficiency, while going to larger e,, will require higher val- tion of angular momentum and energy yields,
ues of Ji and decrease efficiency. It was also found that the
radius of the solenoidal lens should be about a factor of 3 r°= [(rd+vdD/v,)2 +'Vd&J/L'1]' 12, (3a)
larger than the diode radius in order to avoid efficiency Vo=Va= -- -V0 d , (3b)

degradation due to the radial gradient in the focusing field.
VOO~~~ ~ = d~lO3c)

II. ORBIT ANALYSIS v'0= [V d+V2d( -/1 ) ]1/2 (3d)

In this section, ion propagation through solenoidal where the subscripts "d" and "0" deriote quantities evalu-
lens is analyzed. First, some underlying assumptions are ated at the diode and at the entrance to the solenoidal lens.
discussed. Then the model for the solenoidal lens is de- respectively.
scribed and ion trajectories through the lens are calculated. In order to formulate an analytically tractable picture
The results of this analysis are used in Sec. III to determine for solenoidal focusing, it will be assumed that the mag-
beam transport efficiency for specific LMF parameters. netic field inside the solenoid of length L is purely axial and

A number of physically reasonable assumptions make uniform in space. The field lines are returned to the outside
the problem tractable. First, it is assumed that the beam of the solenoid through a very thin layer where the mag-
front ionizes the background gas as it propagates forward. netic field is purely radial. If the center of the lens is posi-The resulting plasma density is assumed to be large com- tioned at z=L/2, the axial magnetic field is given by
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Z <0L ( 2( 4 2j 2, ,

O, z>L. 2rov rCz\
2roY old. (10)

This field can be described by the vector potential +--wseh-l' (10)(COCZr ]

0, z<O. This expression for r(z) can be substituted back into Eq.

,4)= rIJo/2, 0<z<L, (5) (9) to provide expression for the velocity components as
0, z> L. functions of z. Also, note that Z=VULt.

Because the ion trajectory is ballistic between the lens
Note that A( depends linearly on r inside the solenoid and and the target, the ion radial position and velocity at the
drops to zero at the sharp boundaries located at z=0 and exit of the lens are all that is needed to project the ion to
z= L. the target location. Since the magnetic field is purely radial

For any given ion, the velocity components at injection in the sharp boundary layer at z=L, the ion experiences no
into the solenoidal lens (i.e., Vo, v", and v.o) determine the radial force crossing the boundary. Thus, r and v, at the
constants of the motion that govern *the orbit. Inside the exit of the lens are found by evaluating Eqs. (10) and (9a)
lens these constants are energy H, and canonical angular at z=:iL. However, the ion does experience both azimuthal
momentum P0, so that and axial forces in crossing the boundary. The azimuthal

velocity at the exit of the lens is given by conservation of
2It/mn= v•+r4+ v=• (6) canonical angular momentum with A4=0 for z > L [see Eq.

and (4)], and the axial velocity is obtained by applying conser-
vation of energy (i.e., Eq. (6)]. Using the subscript f to

PO=r( r V+ -eZ-) =roveo. (7) denote values at the exit of the lens.
e1 r 1= r(L), (Ila)

The radial equation of motion can be simplified by substi-
tuting for B, and vo from Eqs. (4) and (7) yielding Vrf=V,(rf), ( lb)

dc, co2r r0ov 2 V'=f Ve3r/Ff, (lc)
_2

d1(2= (vo-v,/-v/)/2  (1 id)

where nC=eZBo/m£1 is the ion cyclotron frequency. The where r(z) is given in Eq. (10) and u,(r) is given in Eq.
first term on the right-hand side represents the focusing (9a).
forcc of the solenoid lens which depends linearly on r. For An estimate of the focal length of the solenoidal lens
R - 10 cm, Bo-20 kG, and 0.- 10 mrad, the centrifugal can be obtained by assuming that the microdivergenee is
force is comparable to the focusing force for some ions. negligibly small so that v,0 =u0-=0. In this case, voý =0
Thus, the beam microdivergence can have an important and all ions cross the axis. From geometric considerations,
efect on focusing. rf/F=v,/vf/, so that from Eq. 010

Equation (8) can be solved for u,(r) by multiplying
both sides by v, and integrating. Then, this expression for 2v0  sin(w,.L/v,2 )
v,, along with ne from Eq. (7), can be substituted into Eq. F(r0 ) I' [I -cos(WAL/VL) ]
(6) to obtain v,(r). Collecting the results provides the ion 2 1/2

velocity components inside the solenoid, X(-- , (10/2
'II' 1/2 -870 "Ig/\j,

vr) = V1 0 r o (9a) where from Eq. (9c) V:L=Vo(I--Wc2c/4z•)/' in this
cial case. Assuming ciwro/vo<l and taking the thin lens

Wo.r vooro approximation (i.e., c,£.L/VL<l) yields the familiar re-
v'o(r)= 2-++r (9b) suit 2' that F=4v11/o!L, which is independent of r0. How-

ever, for LMF parameters used here, wL/v.L-0.87 so that
and the thin lens approximation is not very accurate. Addition-

ally, although c.<l for LMF, the terms in F and tiL involv-
I,: = 'rD-- .2VzL. (9c) ing e are important because they lead to corrections in Fon

2 the order of the target size r, Thus, the full expression in
Since there is no force in the axial direction inside the Eq. (12) averaged over the beam distribution in ro is re-
solenoid, vZ=vZL is a constant. However, note that VL:;V6 quired to estimate the focal length of the lens. Since F is

= , 2 -V2-v2 )" 2 because of the axial force experienced still only weakly dependent on ro, ions from all radii focus
in passing across the sharp boundary at z=O. to nearly the same spot. For a 30 MeV Li+ 3 beam with

The solution for the ion orbit is completed by solving Bo=20 kG and L=30 cm, the focal length for individual
for r(z). Observing that dr/dz=vl,/v, r(z) is found by ions ranges from F(R)= 150.6 cm to F(Rd)= 152 cm for
integrating to yield R=2R,= 10 cm, where for comparison r,- 1 cm. Since the
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axis-crossing angle (for ions with zero angular momen- 40
turn) is on the order of R/F-O.07, this small variation in F= 150 cmr

F will not cause these ions to miss the target. However, R=10cm

ions with large values of P9 (i.e., those that have a distance 30 0= 6.7 mrad

of closest approach to the axis on the order of r1) can miss
the target as a result of these small variations in F. Includ- "
ing microdivergence and a more realistic solenoidal •, 20
magnetic-field profile (particularly in terms of the radial
gradient in B.) spreads out the focus even more. These
effects will be investigated numerically in the following 10
section.

After exiting the solenoid, the ion again propagates
ballistically so that its radial location as a function of z is 0 10 20 30 40
given by 02cm)

r(z) = [(rf+vrfz/vzf) 2+v// f] 1/, (13)

where in Eq. (13) z=0 has been redefined to be at the exit FIG. 3. Plot of required B, for best focus at F as a function of L. The
of the solenoid. If the target is located a distance F from curve is the thin lens result, F=441/6!, and the x's indicate code
the exit of the solenoid, then an ion will hit the target if results with R= 10 cm and e,=6.7 mrad.

r(F) <r. This result will be used to calculate the transport
efficiency in the following section.

Another quantity of interest for LMF is the spread in is parallel to the z axis. It is also assumed that 0,, is the
arrival times for the ions. This spread determines a limit to same for all rd. For simplicity, the distribution of ion cur-
ion beam pulse compression by axial bunching produced rent density ji(rd) over the emission surface will also be
by a ramped accelerating voltage pulse. For ions simulta- taken to be uniform. Although these simplifying assump-

I neously injected into the system at the same energy, the tions will be used here for the functional forms of both the
maximum axial velocity vm, and minimum axial velocity ion current density and microdivergence at the source, theIvrn determine the spread in arrival times for a transport analysis that follows can easily be extended to treat more
distance z through Ata=Z/Omin--z/vna Using Eqs. (3b), complicated functional forms.
(9c), and (1 ld) for the axial velocities in each section of - - A code has been developed to apply this diode model
the transport system, the spread in arrival times associated and the results of Sec. II to calculate the transport effi-
with ballistic transport and solenoidal focusing is given by ciency for ballistic transport and solenoidal focusing under

At=AtD+ AtL+ At various conditions. Here, the transport efficiency is defined
to be the fraction of the emitted beam that hits the target of

P, LO, ) 3R radius r, located a distance F from the end of the solenoid.
-v0 +'2Vo I + -i(-)+8-- ' (14) A distribution of ions is generated by applying the diode

s model and Eq. (3) is used to project the ions to the sole-
where AtD, AtL, and AtF are the temporal beam spreading noidal lens. Equation (11) propagates the beam ions
associated with ballistic transport between the diode and through the lens, and, finally, Eq. (13) provides the radius
the solenoidal lens, the solenoidal lens, and ballistic focus- of the ions in the vicinity of the target. The transport effi-
ing, respectively. The sum Ata must be small compared ciency i1 is calculated by determining whether r(F) < r, for
with the bunched beam pulse length -r, For D=220 cm, each ion.

L=30 cm, F= 150 cm, R= 10 cm, 0,= 10 mrad, and B,0 Since the discussion following Eq. (12) has shown that
=20 kG, Al0.3 ns, where the largest contribution the exact location of the best focus depends on the ion

comes from AtL. Since -Tr- 10 ns, spreading in arrival times distribution (through ro) and the beam microdivergence.
due to ballistic transport and solenoidal focusing is negli- B,1 was Varied to find its value that places the best focus at
gible. F. This was done in all cases presented here in order to

III. TRANSPORT EFFICIENCY optimize q, under all conditions. Figure 3 shows results
from this procedure for various values of L for the case

Before proceeding with a description of the calculation where R= 10 cm and EO =6.7 mrad. Also shown for corn-
of tbl' transport efficiency, the ion diode model will be parison is the thin lens result. Although the results are not
described. As indicated in Fig. 2 the anode plane of the markedly different, small errors in B4o are important be-
diode is located a distance D from the entrance to the cause F- 1/IB and r.<F. This effect is most important for
solenoidal lens and the annular emission surface extends large R. This is illustrated in Fig. 4 where 7),(z,), the frac-
from R/2 to R. The ion beam produced by the diode is tion of beam incident on the target, is plotted as a function
assumed to be azimuthally uniform, monoenergetic, and of axial distance z, from the exit of the solenoid to the
extracted parallel to the axis. Ions emitted at each radius rd target. (In Fig. 4 the target is placed at z, rather than F,
are assumed to be uniformly distributed in velocity space while in all other cases the target is placed at F, the loca-
within a cone of half-angle 0. about a velocity vector that tion of the best focus.) In Fig. 4, L= 30 cm, 0, = 6.7 mrad
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FIG. 6. Plot of transport efficiency as a function of diode radius withFIG. 4. Plot of the percentage of beam ions on target as a function of F= 150 cm, L=30 cm, and r,= 1 cm for various values of 0•.
axial position with F= 150 cm, 0,=6.7 mrad, L=30 cm, and r,= I cm
for various values of R.

cases r, is set equal to I cm. As expected from the results of

and BD, is chosen for each R so that F= 150 cm. Note that Fig. 5, 71, is nearly independent of R for L=30 cm. For
the focus is tighter for larger R, and -q,(z,) peaks at F for typical LMF parameters of F= 150 cm and R - 10 cm,
all R. 7t> 0.7 for OU <7.5 mrad. However, -q decreases roughly

In order to design a focusing lens, the length of the linAarly with e;". The effect of O• on the focusing prop-
solenoid must be chosen. Figure 3 shows that the magni- erties of the lens are illustrated in Fig. 6 by the fact that
tude of B4 required for a focal length F increases as the 71,0.83 for 0,=6.7 mrad. If the beam microdivergence
solenoid length L decreases. Thus, from an engineering had no effect on focusing, the beam spot size at the best

point of view a longer lens may be preferable. The variation focus would be OuF= 1 cm. With r,= 1 cm, 71, would be 1.0

of 77, with R for various values of L is illustrated in Fig. 5 rather than the reduced value of 0.83. Finally comparing
for F= 150 cm, e. = 6.7 mrad, and r,= I cm. For L <20 Figs. 6-8, it is seen that -, decreases rapidly as F is in-
cm, 71, drops significantly for large R, while t1, is uniformly creased. For E,• =7.5 mrad, 7, decreases by a factor of 2
lower over the full range of R as L is increased beyond 20 from -0.7 to -0.35 as F increases from 150 to 200 cm.
cm. The value of L=30 cm is a physically reasonable Figures 9-11 show plots of.J/ from Eq. (2)-with I=33
length, and shows minimal variation in 77 over the range of MA, a=2, and 71=0.8. Figures 9, 10, and 11 derive their
R while still providing high transport efficiency. Although values of 7, from Figs. 6, 7, and 8, respectively. The -q
any value of L could be used, L = 30 cm will be used for the plots displayed in Figs. 6-8 are independent of the numberremainder of this study, of modules because, unlike the wire-guided 3 and z-Figures 6-8 show plots of uy for various cases. In all discharge transport4 systems, there is no packing con-straint for this system. Figures 9-11 use V=20. Values of

100 L=10cmL = 20 cmn 100
L -=--•cm ell = 5 mrad

80 L = 40ccin 80S~8o

60 60 =6.7 mrad

-404 = ,7.5 mrad

20 rt=140
1cm r =1cm 9=10mrad

20 FLý SO cm 2 t=1ScO' t = 6.7 mrad 20 = 1,5 cm
L =30 cm

0 4 8 12 16 20 00 4 8 12 16 20
R (cm) R (cm)

FIG. 5. Plot of transport efficiency as a function of diode radius with FIG. 7. Plot of transport efficiency as a function of diode radius with
F= 150 cm, e,,=6.7 mrad, r,= 1 cm for various values of L. F= 175 cm, L=30 cm, and r,= 1 cm for various values of Om.
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FIG. 8. Plot of transport efficiency as a function of diode radius with FIG. 10. Pik. n• requiired diode ion current density as a function of diode
F=200 cmn, L'=30 cm, and r,= 1 cm for various values of e,. radius with F=~ 175 cm, L~=30 cmn, and r,= 1 cm for various values of e,

I Ji for different Nr can be obtained by scaling these results order to compress the axial extent of the field, a perfectly
using Eq. (2). Figure 9 shows that, for F= 150 cm, Oe, conducting annular ring with an inner radius of 25 cm and
=6.7 mrad, L=30 cm, N=20, and r,=1 cm, an LMF an outer radius of 50 cm was placed 5 cm beyond each end
system can be designed with Ji-7 kA/cm2 at a diode ra- oi the solenoid. The outer radius of these conducting rings
dius of R 12 cm. Somewhat lower values of Ji are possible may need to be reduced to avoid a packing problem for
for larger values of R or smaller values of e.. This value of large N. The resulting magnetic-field map is shown in Fie.
Ji is comparable to values already achieved with an 12. From the discussion of Eq. (12) it follows that F scales
applied-B diode. From Eq. (2), using fewer modules in- roug1ly as l/Bý. Thus, it is anticipated that the radial
creases the required ion source current density with all gradient in the focusing field B, will spread out the focus
other factors held fixed while using more modules relaxes and reduce ?): (compared to the results for the sharp-
the required ion source current density. Using more mod- boundarv, finite-length lens model where B_, is uniform).
ules, however, increases the cost and complexity of the For reference, the normalized axial magnetic field at the
facility. center of the lens and its gradient are plotted as a function

To examine the effects of a more realistic solenoidal of radius in Fig. 13.
magnetic-field profile, the magnetic coil design code Figure 14 displays results from simulations of beam
ATHETA22 was used to produce a magnetic-field map. The focusing in the solenoidal field configuration shown in Fig
radial and axial components of the magnetic field from this 12. All other parameters are the same as used in derivingmpwere used in a particle orbit code to calculate 7,for the results given in Fig. 6. In all simulations the current in

specific cases. The solenoid was modeled by a set of 20 coils solenoidal coils was adjusted so that the best focus oc-
of 30 cm radius, equally spaced over a 30 cm length. In curred at F. For R less than about 12 cm, the results are

50 811 = 10 mrad 50 \ - u = 10mrad

40 Oil = 7.5 mrad 40 e1l = 7.5 mrad

l = 6.7 mrad "u =6.7mrad
S• 30 \ 

30t

/ ]~Q. - N 20 modue

2 020 modules t 20 r\m00cm
rt= I cm L = 200 cm
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01ell 5mrad-"' 5__________________
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FIG. 9. Plot of required diode ion current density as a function of diode FIG. 11. Plot of required diode ion current density as a function of diode
radius with F= 150 cn, L=30 cm. and r,= I cm for variousvaluesof e, radius with F=200 cm. L=30 cm, and ,=I cm -arious values of e.=
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FIG. 14. Plot of transport efficiency as a function of diode radius from
FIG. 12. Magnetic field plot from AThETA calculation showing position numerical simulations using ATHETA field map with F= 150 cm, L=30
of field coils (r=30 cm) and conducting annular rings (solid blocks) for cm, and r,= I cm for various values of e,.
a 30-cm-ldng solenoid -centered at z= 100 cm.

IV. SUMMARY AND CONCLUSIONS

The LMF has been proposed for the study of high-

very similar. For R greater than about 12 cm, ?h begins to gain, high-yield ICF targets. A multimodular light-ion ap-
drop off sharply because the gradient in B, is large there proach requires transport of intense ion beams over dis-
(see Fig. 13). Remembering that F scales roughly as 1/Bz, tances of a few meters in order to isolate the ion diode
ions at larger radius have significantly shorter focal length hardware from the target explosion and to provide suffi-
than ions from smaller radius. Thus, the focus is spread cient propagation distance for power compression by time-
out. Since the radius of the solenoid is 30 cm, this implies of-flight bunching. This study has investigated the use of
that the diode radius must be about a factor of 3 smaller ballistic transport and solenoidal focusing for beam prop-
than the solenoid in order to achieve a sharp focus and agation. Phenomena important to solenoidal focusing have
optimum 77, The effect of reduced -qt on the required ion been studied and the optimum total transport efficiency
source current density is illustrated in Fig. 15, where here within a range of achievable system parameters has been
the simulation results displayed in Fig. 14 are used to de- determined.
rive J.. Compared with Fig. 9, these results show that sig- A number of simplifying assumptions were used to
nificantly higher Ji is required at larger R. reduce the many parameters required to describe transport

system. First, it was assumed that target considerations
specify the target radius, the power on target, and the ion
energy, charge state, and mass. It was also assumed that

50 N = 20 modules

= I cm
30 40 F = 150 cm

L = 30 cm

" 2 - 30

G =6.7 mrad
R= 10cm 20 "p=10mrad

10 L=3Ocm OIL= 7.5mrad
F=l15cm 10 -ell = 6.7 mrad ,

01 . . . . . • . A = 5 mead /

0 5 10 15 20 25 0
R(cm) 0 4 8 12 16 20

R (cm)
FIG. 13. Plot of axial magnetic field as a function of radius at the center
of the lens from the ATHETA field map for 87.5 kA/turn. Case shown has FIG. IS. Plot of required diode ion current density as a function of diode
L=30 cm and provides the 150 cm focal length lens used for a beam with radius from numerical simulations using ATHETA field map with F= 150
R=10 cm and e,, =6.7 mrad. cm, L=30 cm, and r,=l cm for various values of e,.
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the bunching factor is fixed at 2, and that the wave-form treat more complicated models for focusing and emission.
efficiency is fixed at 0.8. Next, simple models were used to Although the diode and solenoid form an approximate
describe the focusing characteristics of the diode and the achromatic lens system, future work will evaluate higher-
emitted ion current density in order to specify the beam order chromatic effects on transport efficiency. The effect
distribution at the entrance to the solenoidal lens. It was of the applied-B diode and solenoidal lens transverse mag-

assumed that ions emitted at radius rd are aimed parallel to netic fields on beam current neutralization will also be in-
the axis and are uniformly distributed in perpendicular vestigated in order to more soundly justify this assumption.
velocity space about this direction within a cone of half- In addition, future work will consider transport constraints
angle 0,. This velocity space distribution was chosen for associated with hydrodynamics, possible beam-plasma in-
mathematical simplicity. A more realistic assumption stabilities, beam energy losses, and beam ion scattering and
might be a Gaussian distribution which would yield results charge exchange during propagation.
very similar to those presented here. It is also assumed that
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Z-discharge transport of intense ion beams for inertial confinement fusion
P. F. Ottinger, D.V. Rose,a) D. Mosher, and J. M. Ned
Plasma Physics Division. Naval Research Laboratory. Washington. DC 203 75-5000

(Received 30 May 1991; accepted for publication 6 August 1991)

Ion inertial confinement fusion requires beam transport over distances of a few meters for
isolation of the diode hardware from the target explosion and for power compression
by time-of-flight bunching. This paper evaluates light ion beam transport in a wall-stabilized
z-discharge channel, where the discharge azimuthal magnetic field radially confines the
ion beam. The ion beam is focused onto the entrance aperture of the transport channel by
shaping the diode to achieve beam convergence in a field-free drift region separating
the diode from the transport section. Ion orbits are studied to determine the injection efficiency
(i.e., the fraction of the beam emitted from the diode which is transported) under
various conditions. Ions that are focused onto the channel entrance at too large of an angle
for confinement hit the wall and are lost. For a multimodular scheme (10-30 beams),
individual transport channels are packed around the target with the exit apertures at some
standoff distance from it. The fraction of the beam that is lost in this field-free standoff
region is also evaluated under various conditions. The standoff efficiency is then combined with
the injection efficiency to give the dependence of the total transport efficiency 77, on
diode, focusing, transport and standoff parameters. It is found that 7i, can be in the range of
75%-100% for parameter values that appear to be achievable.

1. INTRODUCTION mass of the transport hardware placed in the target cham-
The Laboratory Microfusion Facility (LMF) has been ber should be minimized in order to minimize debris and

proposed for the study of high-gain, high-yield inertial con- activation in the target chamber. Becaus of this, a loA-

finement fusion (ICF) targets using either lasers or ion mass version of the wall-stabilized transport channel is un-
beams as a driver. A multimodular light-ion approach, der development.' 7 Free-standing (i.e., without a stabiliz-
based on Hermes-III accelerator technology, is presently ing wall) z-discharge transport channels have also been

under investigation.'" 2 Using light ion beams for the LMF studied previously.'s 2 °

driver will require transport of intense ion beams over dis- A schematic of one module of an LMF system using a

tances of a few meters in order to isolate the ion diode wall-stabilized z-discharge channel is shown in Fig. 1. An

hardware from the target explosion and to provide suffi- extraction applied-B ion diode is used to focus a Li-

cient propagation distance for power compression by time- beam onto the entrance of the transport system.2 ' 22 Focus-

of-flight bunching. Several different transport schemes are ing is achieved by a combination of geometric focusing
being considered for a light-ion LMF. 13 The baseline ap- from anode shaping and magnetic focusing from ion orbitproach involves an achromatic magnetic lens system and bending in the self-field of the bcam. A foil separating the

ballistic transport." Alternative approaches3 "67, include a diode vacuum region and the gas-filled ballistic focusing

wire-guided transport system, a low-mass wall-stabilized region strips the beam to Li .. Once through the foil, the

z-discharge transport channel, and a laser-initiated free- gas provides charge and current neutralization of the beam

standing z-discharge transport channel. Advantages of for ballistic propagation and focusing onto the entrance of

these alternative approaches are that they provide positive the transport channel. The multimodular approach posi-

beam guidance until it is very near the target, and that they tions a number N of such systems around a high-gain fu-

allow larger radius target chambers, an important consid- sion target, where N is expected to be in the range of
eration for ICF reactor concepts.8-9 Wire-guided transport 10-30. With a target radius r, of about 1 cm, a total energy
for LMF was evaluated previously. 3 This paper presents a of about 10 MJ of 30-MeV Li + 3 ions on target is required

similar evaluation of wall-stabilized z-discharge transport at a total power P, of about 1000 TW.1 The total equivalent

for LMF. Because the discharge is wall confined, this ap- ion current (flux of Li ' I ions) on target 1, is then about 33
proach has the added advantage of having the option of MA, while the total electrical current on target is 100 MA
using different gases in the transport channel and the target because of stripping from Li + 1 to Li - 3 when passing
chamber. through the foil.

Wall-stabilized z-discharge transport has been studied When an appropriate voltage ramp is applied to the ion

extensively both theoreticallyi1-1 4 and experimentally.'15 6  diode, beam transport over a distance of a few meters also
Experiments have demonstrated efficient ion-beam trans- allows for time-of-flight bunching of the beam so that the
port over distances of up to 5 m using a ceramic insulating original beam pulse duration -'d is reduced during flight to
liner within a brass current-return tube. For LMF, the that appropriate for target implosion ,,.-1 24 Since the total

beam energy remains nearly constant during flight, the
"aPermanent addrcss- JAYCOR, Vienna, VA 22182. beam power increases roughly as rd/TI; implosion physics
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FIG. 2. Schematic of ballistic focusing region illustrating geometry of

FIG. 1. Schematic of z-discharge transport system. beam injection into the transport channel.

considerations suggest that beam compression factors in eration in the axial electric field that drives the return cur-
the range of 2-4 will be required to achieve pellet driver rent. Lower densities will result in excessive pinching of
times of 10-15 ns. Because the tail of the beam may arrive the discharge plasma from the stabilizing wall and the
after target implosion, the wave form efficiency %7 is intro- growth of magnetohydrodynamic (MHD) instabilities.
duced to account for" this wasted portion of the ion power After beam injection, lower densities will also allow exces-
pulse. The wave form efficiency is defined as the fraction of sive beam-driven channel expansion. For LMF, a density
the ion-beam energy that arrives at the target within the range of a factor of 2 or 3 separates these high- and low-
implosion time T,. Assuming a power compression factor density limits.
from bunching of a = rd/Tr, a total transport efficiency of Figure 2 shows a schematic representation of the in-
-q, and a wave form efficiency of •71 the diode of each jection geometry. Icns of speed v, enter the transport sys-
module will need to produce an ion current Id of tern through an aperture located at the best focus of a

Id=I,/a77N. ( l) focusing ion diode. The diode radius R and focal length F
determine the maximum injection angle. Since R/F< I for

For a = 2, 71, = 0.8, 7/,, = 0.8, and N = 20, Id is about 1.3 all cases of interest, this maximum injection angle is given
MA. by R/F to first order. The beam microdivergence 0. de-

The basic components of the z-discharge transport termines the beam spot size r5 through
channel are illustrated in Fig. 1. The azimuthal magnetic
field produced by the discharge current I, confines some rs=Fe#. (2)
fraction of the ion beam within the channel radius r,- Ions Here, 0, is expressed in radians and must be much smaller
which hit the channel wall are lost. The current returns to than R/Fso that r, < R. Beam microdivergences as small as
ground through a conducting layer on the outside of the about 0.0126 rad have been achicved on applied-B diodes. 26

insulating tube that confines the discharge plasma. The Once in the transport system, ions propagate axially
discharge is established on a microsecond time scale before while rotating azimuthally and oscillating radially in the
ion-beam injection and creates a highly ionized few-eV confining magnetic field. The beam radius will ripple at
temperature plasma. The resulting channel plasma density first since the radial oscillations of most ions are initially in
is much greater than the beam density so that when the plase, and then settle down after phase mixing to a radius
beam arrives complete beam charge and current rb (see Fig. 2, Ref. 10). The ion beam rotates in phase
neutralization25 is assumed. The discharge gas density is space within an envelope defined by the beam and channel
chosen to achieve an acceptable combination of weak parameters. Phase mixing occurs because ions with differ-
pinching during the discharge time, low beam energy loss ent initial conditions have slightly different betatron wave-
and scattering during transport,14 and weak return-cur- lengths, thus'leading to a spreading of the region of phase
rent-driven hydrodynamic expansion of the plasma.14 For space within the envelope occupied by the beam as it prop-
a 1.5-MA (particle flux), 30-MV Li 1 3 beam with a radius agates down the transport channel. Complete phase mixing
of 1 cm and an initial pulse duration of 40 ns, these con- occurs when the beam phase-space distribution fills the
straints require a plasma mass density in the jig/cm3 range entire envelope and no longer changes as a function of
for a discharge current of 80 kA. This translates into a propagation distance. This will require many betatron
plasma density of about 10'8 /AP cm- 3, where AP is the wavelengths, so that phase mixing is, in general, not corn-
atomic weight of the plasma ion. At this density and few- plete for the finite length LMF systems. The beam radius
eV temperatures, the plasma is highly collisional so that rb is larger than r, because ions injected at r, can have radial
magnetic field penetrates the plasma rapidly on the micro- velocities as high as (R/F)vo. In Sec. II, it will be shown
second timescale of the discharge. Therefore, current is that rb can be written in terms of r, = FEOp, RIF, and I,
uniformly distributed throughout the discharge when the Thus, given values of the system parameters F, Oe, R. and
beam enters the channel. Higher density will increase bea.i, 1 fix the value of rb. When r = r- = 2rý, the loss of beam
energy losses due to collisions with the plasma and decel- brightness due to phase mixing is minimized." Since loss
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of beam brightness impacts the ability to deliver a beam on determined by r, from Eq. (3). The product of 171 and 17,
target, it will be assumed here that r = 2rý. If rb < r0 the yields -q, the total efficiency of current transfer from the
entire beam is confined. If rb > r, then part of the beam will diode to the target. The variation of -q, with the set of
be lost to the channel wail. The injection efficiency q, is system parameters (FEO,.RI and N) illustrates the im-
calculated by determining the fraction of beam ions which pact o,• system requirements on the average ion current
hits the wall. density at the diode surface J,. From Eq. (1), Ji is given by

Once the beam exits the channel it propagates ballisti-
cally to the target. The standoff distance D required for 1i=I/r(R R2) =4I,/(3raNTh71u'R2)" (4)

packing N transport systems around the target is given by Using R = 2R, = 12 cm for the same example as that fol-
/ lowing Eq. (1) where N=20 and Id = 1.3 MA, Eq. (4)

D=(Ni/4f)"/2 , (3) yields Ji = 3.8 kA/cm2 . For R=8 cm, J, = 8.6 kA/cm.

where f is the packing fraction (i.e., the fraction of the Experimental measurements of J, have demonstrated val-

spherical surface of radius D which is covered by the exit ues as high as 6-10 kA/cm2 for the applied-B diode. 6

apertures of the transport systems). The calculated phase- Section II of this paper provides an analysis of ion

space distribution of the beam at the exit of the transport orbits in a z-discharge transport channel. This analysis

section is used to determine the fraction of the beam that specifies the inner and outer turning points of the ion orbit.

strikes the target at this standoff distance. This standoff so that radial confinement in the transport system can be

efficiency r-q is combined with the injection efficiency to determined and provides the understanding required to de-

give a total transport efficiency -q, = q,77, termine losses to the wall. The spread in time-averaged

Since bean expansion in the standoff region scales with axial velocity of transport ions is also considered here in

RIF (i.e., the maximum injection angle into the transport order to evaluate its effect on time-of-flight bunching of the

system),14 F should be made as large as possible for a given beam. In Sec. III, a diode model is presented and qj, is

R. In addition, in order to insure that most of the beam calculated for specific system parameters using the results

strikes the target, it will be assumed that r, < r,. Since r2 of Sec. II. In Sec. IV, beam spreading in the standoff region

= 2r, this requirement and Eq. (2) imply that F is estimated so that rl, can be calculated for a given target

< r,/2"2O•. For typical values of r, 1 cm and (, = 7 size. Finally, results and conclusions are discussed in Sec.

mrad, the diode focal length F must be less than about 100 V.
cm. AlhuhIt is found from this work that "m can be close to 100%

Although there are many parameters required to de- for values of diode ion current density which have been

scribe the z-discharge transport system, the above consid- achieved and values of microdivergence %% hich are less than

erations provide an approach for calculating -q. First, it is a factor of 2 smaller than those already achieved on ap-

assumed that target requirements specify r,, I, the ion ve- plied-B diode... The analysis suggests that a design for an

locity vo, the ion charge state Z and the ion mass m,. Unless LMF system with r, = 1 cm and as few as 20 modules could

explicitly stated otherwise, it will be assumed for simplicity be achievable with R = 8-12 cm, F- 100 cm. J, = 5-10
in this paper that f is fixed at 0.5, and that r2 = 2r2. Al- kA/cm 2, 0,, - 7.5 mrad, and I, = 20-60 kA. Such a system

though f and r, could be varied, fixing them is reasonable would have an 7h, of 75-100%. The higher efficiencies c.1

since the range of values for both parameters is limited, be obtained by going to the smaller %alues of R and/or

Next, simple models will be used to describe the focus- higher values of I, for the same N, r,, F, and e.. Ho%,-

ing characteristics of the diode and the emitted ion current ever, a diode radius of less than about 8 cm may be im-

Idensity j,(r), where rd is the radial position on the anode practical. In addition, it may be tcchnicallN difficult to c!-

surface of the diode. Complete beam charge and current tablish a z-discharge in a low-mass channel for LMF az

neutralization by the background plasma will be assumed currents above about 75 kA.17 Achieving a smaller eO, N•iIl

in the ballistic focusing rcgion, in the transport section, and relax the requirements on J, and impro e efficiency, whi;e

in the target standoff region. Then, the local injection effi- going to larger 0,, will require higher %alues of J, and ce-

ciency cr,(rd) is calculated for given values of F, 1,,, and crease efficiency.

I, with r, determined from Eq. (2). Here ar,(rd) is the
fraction of ions emitted in an annulus centered at radius 11. ORBIT ANALYSIS
rd which are confined in the transport section. Using
j,(rd) to integrate o,(rd) over the active area of the diode In this section, the dynamics of ion propagation in a
yields r7. Since the diode is expected to be hollow, 22 the z-discharge transport channel are analyzed. First. some un-
active area extends from an inner radius R, to the outer derlying assumptions are discussed and the constants ol'
radius R. Since it is difficult to achieve the correct applied the motion are used to derive an expression for the radial
magnetic-field profile for R, < R/2 in a i extraction geom- turning points. This expression is required to determine the
etry for the applied-B diode,2 and sin -: the ion emitting beam envelope radius and the fraction of the injected ions
area increases slowly as R, is reduced , small values, it will lost to the wall. Next, some characteristic orbits are di•-
be assumed that R, = R/2. The scaling of i?, with the pa- played and some important properties of the orbits are
rameters F,O,,, R, and 1, can then be determined. determined. The results of this analysis are used in Sec. Ill

Finally, -q, is calculated from the phase-space distribu- to determine injection efficiency for specific LMF parame-
tion of the transported beam for a given value of N with D ters.
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A number of physically reasonable assumptions make ballistic in the focusing drift region, the velocity compo-
the problem tractable. First, it is assumed that the dis- nents at the focal spot can be written in cylindrical coor-
charge current is distributed uniformly in radius at the dinates as
time of beam injection. In this case, - v (10a)

24 r =r r
r= , (5) v= vrdsin 0/F, (10b)

r~c r,"

for r < r, The plasma density in the channel is assumed to vzo (v2 - Vro - V-)1/2 V0 [ I rd/F)2/2 (l0c)
be large compared with the beam density and the plasma The right-hand sides follow for the hollow-diode, small-
conductivity is assumed large enough so that complete injection-angle geometry of LMF for which the scaling
charge and current neutralization of the beam occurs. In F . rd > r, always holds. LMF parameters satisfy
addition, it is assumed that the plasma density is high
enough so that plasma hydromotion is negligible on the rd/F- r/rd- V,/Vo-VO/Vo.--O(E),
time scale of the beam pulse duration, but not so high that with e-0.1. This convenient scaling will be applied in the
beam scattering or energy losses become significant for the analysis that follows.
length scale of the transport system. Beam propagation is Since the transport efficiency is determined only by the
also assumed to be stable. A window in parameter space number of ions confined within r, a complete analytic so-
has been shown to exist where such conditions exist, how- lution of the equations of motion is unnecessary. The radial
ever these considerations place constraints on the beam
power which can be transported in each module.14 These tuining points of an ion provide all the necessary informa-

considerations are not addressed here. Under the condi- t q. (6) yields

tions discussed above, ion orbits are determined by their Eq. (6) yields

single-particle motion in the field of the discharge current Vr 2Vr + vo 2 v) 1 /2

given by Eq. (5). o -- "rv/ + r+O ) (11)
For any given ion, the velocity components at injection

into the transport system (i.e., vr, vo,, v2o) determine the where vlvo O(e2) has been used to eliminate higher-or-
constants of the motion that govern the orbit. These con- der terms. Setting vr - 0 and using Eq. (10) for v, and
stants are energy H, angular momentum P0, and canonical veo provides the turning point equation. To lowest order in
axial momentum P2, so that 6,

2H/mvi =o2 -t + v -+- =-vo, (6) (ro/r*)2 sin 24, - A,(r2 -- r2 )/r2 = 1 (12)

Po/mi= rvo= rVOO, (7) where

P/mi=v, - v?/12r'=vo - vor2/2r2, (8) Ac-= (vOIvO) (Flrd)2  (13)

where is of order unity. In Eq. (12), r, represents either the inner
or outer turning point. Solving for r, yields

v = 2ZeImc 2. (9 r 2 9 26 /2

The radial equation of motion can be obtained by substi- =-- + -+f - sin2

tuting ior vo and v, from Eqs. (7) and (8) into Eq. (6) and 0 7-2-[ (2 4)
solving for v,. The azimuthal and axial equations of motion (14)
can be obtained directly from Eqs. (7) and (8). where the choice of the plus sign corresponds to tht: outer

Figure 2 illustrates the injection geometry and param- turning point r0 ut, and the minus sign corresponds to the
eters employed in the analysis. Ions with speed vo are emit- inner turning point rn. The general solution of Eq. (14) is
ted from a hollow extraction diode at radii rd between R, shown in Fig. 3 for a range of interesting .4c values. For the
and R and are focused onto the entrance of the transport special case of sin 0, = 0 (i.e., when Vuo = 0 and the ion has
section an axial distance F downstream from the plane of zero angular rtomentum), r, = 0 and ions follow betatron
the diode. Ion focusing is accomplished through a combi- orbits. This special case was treated pre% iousl1N.' Another
nation of electrode shaping and bending in the vacuum special case occurs when both A, = (r•/ro) 2 and v,.o = 0
magnetic field of the diode gap. The centimeter-sized vari- (sin 4 = I ). In that case, ro = r,., r0 u, and there is no ra-
ations of axial position at different points in the diode are dial excursion. When v,, = 0 (sin 4, = 1), ro = ro., for A,
ignored in comparison with the much larger value of F. In > (r,,/r ) 2 and r, = rrn when A, < (r/ro)2. When v,,O
accordance with Eq. (2), the microdivergence of the diode (isin 0 1 < 1), r.. < ro < rout forallA,.
0,, limits the focused beam to a spot of radius r, at the Figure 3 shows that for fixed Ac(r/rc): the largest
injection plane. Consider an ion emitted from the diode in outer turning occurs when 6 = 0. From Eq. (14) this max-
the plane of the page and entering the focal spot at a radius imum r00 t is equal to (2/Ac + r2)l/2. The beam envelope
r. between 0 and r2, and at an angle 4 with respect to the radius rb results when r, is set cqual to its maximum value
plane of the page. (For ions emitted a# any azimuth of the r. and A, is minimized by setting rd to R. The entire beam
diode, d is a velocity-space angle that defines the azimuthal is confined within the channel when r6 < r, Comr.bining Eqs.
velocity component at emission.) Because the ion orbit is (9), (13), and (14) yields
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3 rAC 0. v.,RImC2 V0R
2M1.2

=r, ,'=2Ze[ I - ( r/,2 )-- , (15)

where 'cm, defines the channel current required to match

r2 the beam radius rb to the channel radius r,. The condition
At r,2 = r/2 is applied in the right-hand side of Eq. (15) to

S2 minimize beam emittance growth during transport.13
r° 1 52Figure 4 illustrates some sample orbits for system pa-

0 rameters in the regime of interest for LMF: 30-MeV Li + 3
0.5 (v, = 2.9 X I09 cm/s) with r, = 0.75 cm, Ic = 80 kA, and

2 rd/F = 0.1. From Eqs. (9) and (13), A, = 2.29. Figures
0- 4(a)-4(c) display orbits for ions injected at r, = 0.6r, with

0 0.2 0.4 0.6 0.8 1.0 0 = 0, 30", and 90*• With all other parameters equal, the
sincF orbits illustrated in Fig. ý are self-similar in the radial

scale, i.e., they are invariant in r/ro. This self-similar prop-

erty follows from the dependence of v, on only r/ro in Eq.
FIG. 3. Plot of radial turning points as a function of sin 6 for several (I I). Figure 4 exhibits orbits that are nearly closed, where
values of the parameter r2,,/, closed means that after a finite number of excursions be-

1.0- 1.0*

10.5
050.0 - ' 0.5

, -0.5 / a o icic
I~ l.yoo

1 1.0 i0.0._

-1.0 -0.5 0.0 0.5 1.0 0.0 50.0 100.0

X (cm) Z (cm)
1.0 -

1 F
I'. - FIG. 4 (a) T~pical ion orbit with I

" I i = 80kA.r, =075cm, rgiF-=-0.I, and

0.0 - 0.5 with r. = 0.6r, and 0 = 0". (b) Typicz
X ionorbitithI =80kA, r,=0.75 L.

-0.5 . ,6 = 30' (c) Trpica[ ion orbit with ,S= 80LkA, r, = 075cm, r/F= 0.1,and
-1.0.,-o 0.0 owith r, = 0.6r, and =90.

-1.0 -01.5 ý.O 0.5 1.0 0.0 50.0 100.0
X (cm) (bi Z (cm)

1.0 / 1-0
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3 -0.5 .:

I -1.0 I . 0.0
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tween rin and rout the ion motion exactly repeats itself. This When rb < r, (At), > (At)Cb, and when rb > r, so that
closure property can be shown to be a general property of some ions hit the channel wall, (At), < (At)r,. For z-dis-
the ion orbits. The rotation number, defined as the change charge transport, (At), is comparable with the spread in
in azimuth experienced by an ion executing one complete arrival times associated with the ballistic focusing of the
radial oscillation, is beam, which is given by (At)f = (3R 2 /8F 2 )(F/v,). The

sum of (At), and (At) 1 must be small compared with the
0o(B I d o ot v(dr bunched beam pulse length T, For R/F=O.1, F= 100 cm,A0=4 f ru dO-=4/ fr " (16)
(r,') inr, rV, L=300 cm, and v, = 2.9 X 109 cm/s, (At),b + (At)-

= 0.6 ns, whereas , - 10 ns. Thus, spreading in arrival
Using Eqs. (7) for v0(r) and Eq. (11) for v,(r), Eq. (16) times is negligible.
can be integrated by expanding the integrand in powers of
e yielding A0 = 21r + O(e2). Thus, within terms of III. INJECTION EFFICIENCY
O(e2), all ions close their orbits by making one complete Before proceeding with a Jescription of the calculation
azimuthal rotation for each radial betatron oscillation. of the local injection efficiency, the ion diode model will be
Similarly, using Eq. (8) for v,(r), Eq. (10c) for v,, and described. As indicated in Fig. 2 the anode plane of the
Eq. (11) for v,(r), the betatron wavelength is found to be diode is located a distance F from the entrance of the

(rout) f rout vdr transport channel and the annular emissirn surface extends
6 dz-4 - from R/2 to R. The ion beam produced by the diode is

J z(r,1,) =. V, r assumed to be azimuthally uniform and monoenergetic at
()/2 any given instant in time. Focusing is achieved by a com-

=21rr, [1 +O(•)]. (17) bination of geometric focusing from anode shaping and
Cmagnetic focusing from ion orbit bending in the self-field of

Here, Apt is the axial distance an ion travels in completing the beam. Ions emitted at radius rd are aimed at the center

one full radial betatron oscillation. This result is identical of the entrance aperture with an average angle of rd/F and
to that calculated previously for the case with zero angular are assumed to be uniformly distributed in velocity aboutmomen tum t p this average angle within a cone of half angle e,,. It is also

Another quantity of interest for LMF is the spread in assumed that eM is the same for all rd. As illustrated in Fig.

time-averaged axial velocity of transported ions in the z- 2, this provides the beam spot size FO, given in Eq. (2).For s~mplicity, the distribution of ion current density
discharge channel. This spread determines a limit to ion- For the e iss ion s f io be t ensto

beam pulse compression by axial bunching produced by a uniform. Although these simplifying assumptions will be
ramped accelerating voltage pulse. The time-averaged axial used here for the functional forms of both the ion currentvelocity is given by ue eefrtefntoa om fbt h o urn

density and microdivergence at the source, the analysis
tfo tu1vr/U, that follows can easily be extended to treat more compli-

"(v) - ____ cated functional form s.

v t f S'dr/Vr The local injection efficiency cr,(rd) is the fraction of
ions emitted from the diode at radius rd which are confined

S - rV, + Vo + V 06  within the channel. Ions that have an outer turning point
4vor- 4 0 ( that is larger than r, are lost to the wall [i.e., a,(rd) is

calculated by determining the fraction of the beam ions
Here again Eq. (8) was used for v2(r), and Eq. (11) was that have rout < rJ. As discussed in Sec. I, the free param-
used for v,(r). In addition, Eq. (10c) was used for . eters that need to be set are F,,O, R, and I,. Using
Using Eqs. (10a) and (10b) for vo and ve, reduces Eq. j,(rd) to weight the integral of a,(rd) over the area of the
(18) to diode yields the injection efficiency, -q,, which can be writ-

(vi) 1 , r.2 ten asI= -- _4__ -- +O4) (19) R

Oo I 4vr, TT + 4 2,irSf j,(ra,(rd)rddrd

The minimum value of (v,)/1v occurs when r, = r, and rd 71t= 2-,,(rd)rddrd
= R, and the maximum value occurs when r, = 0 and rd 8 R
= R/2. Thus, the spread in arrival times associated with 7 - F ,(rd)rddrd (21)
channel transport (At), for ions simultaneously injected =3-R . r (R21
into the channel at a given energy will be The expression on the right-hand side is obtained by ap-

plying the assumptions R, = R/2 and j,(rd) = J,
(At),=-Lo + 3-R2' (20) =const.

10 TSince a,(rd) is the ratio of the number of ions that are
where L is the axial length of the channel. When r, transported without hitting the wai. to the total number of

r,. v, = 2voR 2 /F 2, sothat ions injected into the transport channel, the required infor-
mation for the calculation is contained in the equation for

(At),= (7R 2/16F 2)(L/vo)-(At)ob the outer turning point of the ion orbits. The outer turning
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poiit depends on the ion position and velocity at the en- vrV/vo
trance to the transport system. However, because the beam rd

is generated in the diode, the most physically meaningful tvOd/VO
approach for calculating a,(rd) is to express this turning
point in terms of the initial conditions at the diode. Thus, t = rs/F
the first step in calculating a,(rd) will be to relate the initial rd-F
conditions of an ion at the entrance aperture to the trans- rd/F 1
port system to those at the diode source plane. Note this is
one step back from the approach in the previous section,
where details of the ion orbits were related to the positionI and velocity at injection.

Here the subscript d will indicate that a variable is
evaluated at the source plane. Using conservation of angu- P Pc)
lar momentum to substitute for ve, and using z = vd;, the IF
radial equation of motion in the ballistic drift focusing re-
gion can be wiitten as

d 2 r (rdjood2 1 FIG. 5. Plot of outer turning point curve (oval) and beam distribution
= 0. (22) (circle) in velocity space at diode surface. Lightly shaded region contains

P zd " ions that are transported, while ions in darkly shaded region hit the
channel wall.

The solution t6 this equation is

r'(z) =?d+ 2 ___rdz + [ 2rl+v 2 v

Vzd Comparing Eqs. (10) and (26) shows the equivalence of

To lowest order in e, vz.d vo, so that evaluation at the the configuration space angle 9S at the entrance of the trans-
channel entrance plane (i.e., at r = ro and z = F) yields port system with the velocity space angle b at the source

rd)2 + 2 r2 plane. As in the previous section, Eqs. (6)-(8) can now be(+ - O"2 (24) used with Eq. (26) to derive an expression for determining

(F v VO F the ion turning points but now in terms of p and 0b. This

Equation (24) is an equation for a circle of radius rodF procedure yields through lowest order mn e
centered at vd/vo = - rd/F and vod/'v = 0 in the (p/p,) 2 sin2 O - (A 2 /) (p2 - p2)= 1, (27)
v,/vo, VOd/V 0 plane. Ions generated at the source plane at

radius rd within the circular region of velocity space de- where Ac is defined in Eq. (13) and p,= r,/F, so that Eq.

fined by Eq. (24) will arrive at the entrance plane within a (12) is recovered. For r.u, = r, p/ = r/F and Eq. (27)

circular region of configuration space of radius r,. For generates a curve that corresponds to initial conditions in
r, = r•, the radius of the circular region in v,4, vod space is Vrd, vod space for ions with an outer turning point of r.

defined to be the beam microdivergence 0,, through Eq. Equation (27) can be solved for p(p*,,X), which, as note".

(2). will be a function of p, and ik. Definingp,=p(r1Fxb), this
The radial and azimuthal velocity components at the curve can be written as

entrance plane can be put into a simple form after defining r 1 - (1/Ac)
a polar coordinate system centered on the circle defined by PC2 (21S
Eq. (24). Let p and tf be the coordinates of that polar
system defined by Figure 5 illustrates this curve. Ions with initial conditions

(L that lie outside the outer turning point curve p, will hae

, 2=-(d ) + 2(25a) r,), > r, and will hit the channel wall.
F v, / Thie object then is to compare the area of vid, v1d space

and occupied by the beam with that bounded by this outer
turning point curve. Referring to Fig. 5. beam ions lea,,;ing

V ( °Od/V°O (25b) the diode at rd occupy an area in vd, ..• space defined bx

+=tan (rd/F) +-d,)(" a disk of radius p = r/F = Oe and centered at rd,
rd/F and vod = 0 (shaded regions in Fig. 5). Ions that lie

Taking advantage of the conservation of angular momen- inside PC are confined (lightly shaded region in Fig. 5)
tum and kinetic energy, the velocity components at the Ions that lie outside PC hit the wall and are lost (heavilr
entrance plane can be written as shaded region in Fig. 5). Because A, is a function of rd [see

Eq. (13)) and the center of the beanm phase-space disk
v.=voJp - (rd/F)cos ]-- - vordcos it/F (26a) varies with rd, there is a different phase-space picture sim-

and ilar to Fig. 5 for each value of r,. In order for all ions to be
confined within r, the circle of radius p = e, enclosing

v%=vordsin Ob/F. (26b) the ion distribution must lie within PC for all rd.
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Since the beam is uniformly distributed in phase space, 4f•.f PCpdpdO
the local injection efficiency ai(rd) can be determined by ai(rd) =/ --4jf,/ tdp h, (29)
calculating the areas of the appropriate regions of phase o p -vO
space for each rd between R and R/2. Remembering that where

S= 2r, is assumed, note first that forA , > 2, the beam phase

space lies entirely within pc, so that o'rrd) = I. Then note f,.(rd) =sin - 2 -- Ac(rd)]j 2 } (30)
that as A, is decreased from 2 to 1, the area enclosed by the defines the angle at which the p, curve and the p = 01
pc curve approaches zero, so that ao(rd) = 0 forAc < 1. For curve intersect (see Fig. 5). In obtaining Eq. (30), Eq. (2)

1 < Ar < 2, and r, = 24 were used. Combining these results and doing
the required integrations yields

2 , A tr> 2 ,! /\2/

aY,(r,1 ) ""--2*+ (l-- tan -[( - ) tan .I, 2>4.> 1, (31)
tO, A A A,)

where A, and /,. arc functions .f rd through Eqs. (13) and The standoff efficiency %h is defined as the fraction of

(30), respectively. The injection efficiency 71, is calculated the beam that strikes a target of radius r, located at a
from Eq. (21) using Eq. (31) for a'i(rd). distance D from the exit of the transport channel. In prin-

Si:ice a, and t,, only depend on the system parameters ciple, ?7? could be calculated analytically by using the ve-
through the combination in ,4,, a universal injection effi- locity space distribution at the exit of the transport channel
ciency curve can be derived. Defining A,,, as to ballistically project the beam forward to the target. In-

tegrating over veiocity space _t the target location would
/,c r(ra=R)=(vI vo)(F/R)2, (32) then provide the density profile required for calculating

71 is plotted as a function of I/IAm in Fig. 6. The three 177 In practice, this is a formidable problem bccausc of the

system parameters, F, R, and 1, are contained in A,, complexity of the transported beam distribution function
which defines 1,. The fourth system parameter 00 is used and the difficu!ty in performing the inversion required to

through Eq. (2) to define the channel size, which will be project the distribution forward. Howcv'r, an analysis of

required for de!crmining the standoff efficiency. the asymptotic behavior of the beam expar, ,.cn, augmented
by numerical simulations, provides an adequate description
of the standoff efficiency.

The asymptotic behavior or beam expansion can be
IV. STANDOFF EFFICIENCY determined by examining the ballistic trajectory of ions at

An efficient multimodular approach requires N beams
with r, comparable with r, which overlap at the target
location. Each transport system must be terminated at a
standoff distance D from the target in order to pack the N
systems around the target. An expression for this standoff 100
distance is given in Eq. (3). Considerations outside the
scope of this paper are required to determine an appropri- 80
ate value for the packing fraction f. Here, in most cases it
will be assumed that f = 0.5. The purpose of this section is 60
to calculate the standoff eIflikcy 1i,. and the total trans- rI i(%)
port efficiency -q = 1,, as functions of N, r, and the four 40
system parameters. F, ),,, R, and I,- This result will then
he used to calculate J, in terms of these six system param- 20
cters. Each of the N diodes must generate an ion-beam2
current of Id, which corresponds to an ion source current 0
density given by Eq. (4). Here, a bunching factor a = 2 0 1 2 3 4
and a wave form efficiency lu, - 0,8 will be assumed. The VoR2
values of J, that are calculated in this manner can then be A cr = ve 2

compared with presently achievable values of the ion
.otirce current density to determine the practicality of the FIG. 6. Universal plot or injection efriciency a4 2, runctinn n( I hc pansm.

specific system. eclr 1/A,.4.
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3 large distances from the exit of the transport channel. the 100

ballistic trajectory is given by

,r(z) ={r(0) + [zv,(O)/vo1]} 2 +z2 [ve(O)/v0 ]2, (33)

which, for large z, becomes

r2(Z)={1[v(0) + (34) 1s(%)

Here, z=O is defined as the exit of the transport system. 40

The asymptotic behavior of the beam envelope is deter-
mined by evaluating Eq. (34) for an ion with the largest 20 r./rt=0"7

transverse energy on exiting the transport system.
The transverse energy can be found from Eq. (6) after 0

using Eq. (8) to substitute for v.. Maximizing this expres- 0 1 2 3 4
sion yields to lowest order in e

(V21)max=[V(O) +V2(O)]max = VoVcb/, (35)

where rb = rfor1, < Im and rb = rc[(Icm + 1,)/21,]/' for FIG. 7. Standoff efficiency as a function of normalized standoff distance

1c > Im with Icm defined in Eq. (15) and with r. = i•/2. from six sample simulations with r, = 0.7r, Dashed line shows linear fit
Combining Eqs. (34) and (35) provides an expression for given in Eq. (37).
the radius of the asymptotic envelope, ra(z), given by

ra(z) =z(vI'/Vorl,)1/2. (36) Generally, the channel length must be tens of betatron

Numerical simulations also show that for z > z,, where wavelengths long for complete phase mixing to occur,

Numeri 'Eq.l(36) alsoxshow thea m envloper while here L is only on the order of 10)6. This problem can
ro(z)- -r m z Eq. (36) approximates the beam envelope be dealt with by simulating individual cases of interest;
closely. Normalizing z to (vor•/v?) /"r• is then a natural however, for the purposes of presenting an overview, the fit

Wsaling. for 71, provides a reasonable average value for the standoff
With this scaling in mind, a systematic series of nu- efficiency when 77 > 0.5. For -q < 0.5. the numerical data

merical simulations with system parameters in the range of fall more slowly than the linear fit, so that the fit underes-
interest were run to find an analytic fit for In these imates ; however, this region of lo , values is not of
simulations a collection of ions are propagated ballistically tinterest.I ion~ greatinest
from the diode through the focusing region, and then ion By setting z=D, where D is defined in Eq. (3), the
trajectories in the transport channel are calculated from normalized standoff distance becomes
the equations of motion to propagate the beam to the chan- n s
nel exit. Ions were randomly distributed in phase space at D= (Av ./4fvo)-. (3s)
the diode according to the diode model described in Sec. Combining the results presented in Fig. 6 for -q, and the fit
III, and ions that hit the channel wall during transport are given in Eq. (37) for -q, (evaluated at S = D) provides the
removed from the beam. The injection efficiency calculated desired expression for 77, (evau in terms of the six system
from these simulation results closely matched (within
- 1%) the analytic result presented in Fig. 6. The ion-
beam distribution in phase space at the channel exit is used
to ballistically project the beam forward to the target. The 100
standoff efficiency is then calculated by counting the num-
ber of ions that hit the target compared with the number of 80
ions that exited the channel. Figures 7, 8, and 9 show plots
of the standoff efficiency as a function of the scaled standoff
distance a- (z/rc) (rbvlrvo)I/2 for r,/r, = 0.7, 0.85, and 60
1.0, respectively. This procedure yields the fit 40 s(%)

IlJ [ I, g< 2.76 - 2.19rc/rt,

I = (2.26 _-) 0.456.ý, 4>2.76 -- 2.19rl,.r (7 20. c t08

The fit given in Eq. (37) is shown as the dashed lines in 0 . . . . ......

Figs. 7-9 and agrees within about -10% or better for 0 1 2 3 4

these simulations in the 71, > 0.5 region of interest. Other
simulations have shown deviations as large as d- 20% from
the fit for -q, These occasional larger deviations result from FIG. 8. Standoff efficiency as a funcuon of normalized standoff distar...
the details of the beam location in phase space at the exit from six sample simulations with r, = O.Sr, Dashed line shews linear fit
from the channel because of incomplete phase mixing. given in Eq. (37).
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FIG. 9. Standoff efficiency as a function of normalized standoff distance FIG. I1. Plot of transport efficiency as a function of diode radius with
from six sample simulations with r, = r. Dashed line shows linear fit given F= 100 cm, em = 7.5 mrad, r, = 1.06 cm, and N= 20 for various values of
in Eq. (37). 1, Also r, = FOm =0.7 5 cm and f=0.5. The points marked with X are

from numerical simulations.

parameters N, r,, FO,, R, and 1, Figures 10-17 show 14 show results for smaller radius channels. Figure 13
plots of -q, for various cases. In all cases r, is set equal to should be compared with Fig. 11 and Fig. 14 with Fig. 12.
1.06 cm end r, < r, A typical value of v, is 6.6X 10C cm/s In bo comparthi th in 1d an the 14 at fixed
for I, = 80 kA. The four points marked with an X on each R, higheomparisons, in order to obtain the same ch at fixed
of Figs. 11, 15, and 17 are derived from specific simulation R, higher t is required for the smaller radius channels.
results for I, = 80 kA and illustrate the uncertainty of the used to obtain the smaller beam size at fixed F a
fit to n,. The points marked on Fig. 17 show the largest Equatiobtans (37 sand ( shw tat thxed eu -
deviations observed. Equations (37) and (38) show that the standoff effi-

In general, lower i?, is obtained as R is increased at ciency only depends weakly on R through rb when I-
fixed I,, and higher -, is obtained as I, is increased at fixed > Ic. In general, the standoffefficiency only plays a minor

fixe 10and ighr ~,is btaned s ' isrole in the parameter regimes shown, with the ih < 1 only
R. Figures 10, 1I, and 12 illustrate cases where the product atle in (ie only resome of the < I 8 nd 0

ofFand eat large (i.e., only for some ofthe = 80 and 60 kAof an Ouis ixe sotha rc= r bu Ouhasdeceasng curves). The packing fraction f can have an important
values of 10, 7.5, and 5 mrad, respectively. For a fixed R, effc The pk framos f casehashown hertas

results show that, as 0, is increased (or F is decreased), effect on the -q, For most ofthe cases shown here, it was
higher I, is required to maintain th~e same high -%. This assumed thatf = 0.5. Figure 15 shows a case wheref washighemrom Eq is , r ired to ows m t hain t same highr I, Tis re decreased by a factor of 2 to 0.25, allowing for more space
stems from Eq. (15), which shows that a higher I1 is re- between channels but'increasing the standoff distance D by

quired to confine a beam with larger RIF. Figures 13 and

100 F 7 m100 1 An kA

80- rt'=l1.6cm 80 Ic=0kA
020 kA

60 60 40 kA

i t(%)

40 20k 0k 04 F= 150cm

20f20 = 5 mrad16 A20 r .06 cm\
20N =20 odules

0 ____________ 0

0 4 8 12 16 20 0 4 8 12 16 20

R(cm) R(cm)

FIG. 10. Plot of transport efficiency as a function of diode radius with FIG. 12 Plot of transport efficiency as a function of diode radius %ith
F=75um,OE, = 10mrad, r, = 1.06cm.andN=20forvarious valuesof F=-150cm. 0, = 5mrad, r, = 1.06cm, and X=20 for various values of
1, Also r, = FO, = 0.75cm and f= 0.. t. Also r, = FO, = 0.75cmandf = 0.S.
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100 F7 i100.
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I80-r 1.6c 0 1k
60 60

3 40 l k4kOkA k 40-40 ~80 kA •4 F = 100 cm

20 20 OP= 7.5 mrad'L
r, = 1.06 cm
N = 20 moules

0 4 8 12 16 20 0 4 8 12 16 20

R(cm) R(cm)

FIG. 13. Plot of transport efficiency as a function of diode radius with FIG. 15. Plot of transport efficiency as a function of diode radius with
F=75 cm, 0,, = 7.5 mrad, r, = 1.06 cm, and N=20 for various valuem of F= 100cm, 0, = 7.5 mrad, r, = 1.06 cm, and N=20 forvarious values of
1, Also r, = FO =0.5625 cm andf = 0.5. I. Also r, = FOe = 0.75 cm andf = 0.25. The points marked with X are

from numerical simulations.

vA. Comparing Figs. 11 and 15 shows the effcct on -q, of value of J1 is less than values already achieved with an
decreasing f. applied-B diode. As would be expected, Fig. 18 shows that

The 77, plots displayed so far apply to 20-module sys- using fewer modules increases the required ion source cur-

tems (i.e., N=20). Figures 16 and 17 show results for rent density with all other factors held fixed, while Fig. 20
systems with N= 10 and 30, respectively. T~aese two figures shows that using more modules relaxes the required ion
should be compared with Fig. 11. Since N only affects 7-, source current density. Using more modules, however, in-
through 77, because of the dependence of D on N, the re- creases the cost and complexity of the facility. Although
sults only differ at large I1, As N is increased from 10 to 30, not displayed, it is also found that going to smaller E) will
the q, curve for I, = 160 kA drops by - 12%. relax the requirements on Ji while-going to larger E), will

Figures 18-20 show plots of Ji from Eq. (4) with require even higher values of J,
I, = 33 MA, a = 2, and q. = 0.8. Figures 18, 19, and 20
derive their values of 77, from Figs. 16. 11, and 17, respec- V. SUMMARY AND CONCLUSIONS
tively. Figure 19 shows that, for F= 100 cm, 0,, = 7.5 The LMF has been proposed for the study of high-
mrad, N=20, and r, = 1.06 cm, an LMF system can be gain, high-yield ICF targets. A multimodular light-ion ap-
designed with J, - 5 kA/cm 2 at a diode radius of R = 10 cm proach requires transport of intense ion beams over dis-
and a channel current of 1, = 80 kA. Somewhat lower val- tances of a few mett rs in order to isolate the ion diode
ues of J, are possible for larger values of 1, and R. This hardware from the target explosion and to provide suffi-

100 100

160 kA 160 kAIt2(%) 0kAkA ()6kA

40 40 nL

F 100 cm F 100cm20 tx=7.5 mrac
20 0 =5mrad 20 = radIt = 1.06cm \t= 1.06 cm

N's20 modules N = 10 modules
0 0-
00 4 8 12 16 20 0 4 8 12 16 20

R(cm) R(cm)

FIG. 14. Plot of transport .fficiency as a function of diode radiu% with FIG. 16. Plot of transport efficiency as a function of diode radius Aiih
F= 100cm, 0. = 5 mrad, r, = 1.06cm, and N=20 for various values of F= 100cm.0,, = 7.5 mrad, r, = 1.06 cm. and N= 10 for various value-,of
1, Also rs = FmO = 0.Scmandf= 0.5 1. Also r, = FOe- =0.75 cm andf = 0.5.
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40kA \ 30 r= 1.06 c(

20 iOkAt(%) iM 20 Ic IL0 ~u

F= 100cm 10 40k

20 pt0= 7.5 mrad 80 kA
r= 1.06cm 0... 160kA

0 N = 30 modules 0 4 8 12 16 20
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FIG. 19. Plot of required diode ion current density as a function of diode

FIG. 17. Plot of transport efficiency as a function of diode radius wit radius with F= 100cm, e, = 7.5 mrad, r, = 1.06 cm, and N=20 for var-
F=100cm, 6,, = 7.5 mrad, r, = 1.06 cm, and N=30 for various values of iousvaluesofIAlsor, =FO= 0.75cmandf= 0.5. The points marked
1, Alsor, = FO, = 0.75 cm and f = 0.5. The points marked with X are with X are from numerical simulations.
from numerical simulations.

cient propagation dintance for power compression by time- distribution at the entrance of the transport system. It was
of-flight bunching. This study has investigated the use of a assumed that ions emitted at radius rd are aimed at the
z-discharge transport channel for beam propagation. Phe- center of the entrance aperture a distance F from the diode

nomena important to z-discharge ion-beam transport have with an average angle rd/F < I and are uniformly distrib-
been studied and the optimum total transport efficiency uted in perpendicular velocity space about this average an-

within a range of achievable system parameters has been gle within a cone of half-angle 0. 4 RIF. This velocity
determined, space distribution was chosen for mathematical simplicity.

A number of simplifying assumptions were used to A more realistic assumption might be a Gaussian distribu-
reduce the many parameters required to describe the z- tion which would yield results very similar to those pre-
discharge transport system. First, it was assumed that tar- sented here. Because 0, e RIF < 1, additional losses would

get considerations specify the target radius, the power on be minimal, being restricted to a very small number of ions
target, and the ion energy, charge state, and mass. It was in the extreme wings of the Gaussian distribution. It is also
also assumed that the bunching factor is fixed at 2, that the assumed that (), and the ion current density are the same
packing fraction is fixed at 0.5, and that the wave form for all rd, and that the focal distance F does not change in
efficiency is fixed at 0.8. Next, simple models were used to time. Finally, complete charge and current neutralization
describe the fccusing characteristics of the diode and the were assumed in the ballistic focusing region, in the z-

emitted ion current density in order to specify the beam discharge transport section, and in the target standoff
region.

50- Ic = 10 kA

500
/400

4040/

30 " Ic= 10kA F= 100cm
20A 30 40 !1 = 7.5 mrad

Jm 20 kc N /30 modules
20J20-) kA

)0c m 40kA 
20 kA

10. 0 V=7.SMra-dIr, 1.06 cm 80 kA 10/
1Amodules 6 kA kA

0 . . . . . . . . .60kA

0 4 8 12 16 20 0 4 8 12 16 20

R(cm) R(cm)

FIG. 18. Plot of required diode ion current density as a function of diode FIG 20. Plot of required diode ion current density as a function of diode
radius with F= iOO cm. e,, = 7.5 mrad, r, = 1.06cm, and N= 10 for var- radius with F= 100 cm, Op = 7.5 mrad, r, = 1.06 cm, and N= 30 for var-

ious values of l Also r, = FOv = 0.75 cm and f= 0.S. ious values of Also r, = FO, = 0.75 cm andf= O.S.
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Section II of this paper provides an analysis of ion ing a smaller e. will relax the requirements on J, and
orbits in a z-discharge transport channel. This analysis improve efficiency, while going to larger E,, will require
specifies the inner and outer turning points of the ion orbit, higher values of Ji and decrease efficiency.
so that radial confinement in the transport system can be The analysis presented here can easily be extended to
determined and provides the understanding required to de- treat more complicated models for focusing and emission.

termine losses to the channel wall. In order to confine the Future work will consider transport constraints associated
entire beam, the channel current must be large enough so with hydrodynamics, possible beam-plasma instabilities,
that all ions have outer turning points less than r,. This beam energy losses, and beam ion scattering and charge
current is given by 1cm in Eq. (15). exchange during propagation.

Other important properties of the ion orbits were also
identified. All ions have nearly closed orbits and exhibit ACKNOWLEDGMENTS
betatronlike radial oscillations with an axial wavelength
given by Atp in Eq. (17). The spread in time-averaged axial The authors would like to acknowledge useful discus-
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*. Transport of Intense Light Ion Beams
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AND FRANK C. YOUNG, SENIOR MEMBER. IEEE

Invited Paper

Theoretical and experimental research concerning two tech- studied extensively at the Naval Research Laboratory

niques for transporting intense light ion beams is described. The (NRL). Experimental and theoretical results of this research
first technique uses the magnetic field associated with a wall-
stabilized z-discharge to radially confine and guide the beam, and are summarized in this paper.
the second technique uses the magnetic field from a central current- The components of the z-discharge transport channel are
carrying wire. The ion beam for the experiments is generated illustrated in Fig. 1. The azimuthal magnetic field produced
and weakly focused onto the aperture of the transport system by the discharge current, I,, confines some fraction of the
using a pinch-reflex ion diode on theNaval Research Laboratory ion beam within the channel radius rc. Ions which hit
Gamble 1l generator. Typically, 1.2-MeV, 100-kA proton beams are the channel wall are lost The discharge current returns
transported within radii as small as 1 cm. High efficiency transport t
of beams has been demonstrated for both techniques over distances to ground through a conducting layer on the outside of
ofafew meters Beam charge and current neutralization were also the insulating tube which confines the discharge plasma
confirmed. In z-discharge channels, beams were transported up to The discharge is established on a microsecond time scale
5m, and beam currents up to 400 kA have been transported in 2-cot before ion-beam injection and creates a fully ionized.
radius channels Nuclear diagnostics and shadowboxes were used -eV temperature plasma. The plasma densit% is much
to measure beam transport efficiency and phase space information few
for comparison with theoretical predictions. Particle transport greater than the beam density so that complete beam charge
efficiencies as high as 100% for the z-discharge technique and and current neutralization results [221. The discharge gas
80% for the K ire-guided technique were observed. Energy losses density is chosen to achieve an acceptable combination
for transported ions were less than 10% for both techniques- of weak pinching ( f the discharge, low-beam energy loss

and scattering during transport, and weak-return current-
I. INTRODUCTION driven hydrodynamic expansion of the plasma 1231, [24].

Using light ion beams as an inertial confinement fusion These constraints require a plasma mass density in the

(ICF) driver will require transport of intense ion beams tig/cm3 range or a plasma densit, of about 10 8/Ap cm"'.
over distances of a few meters in order to isolate where Ap is the atom:. weight of the plasma ion. For
the ion-diode hardware from the target explosion 111 this density and few-e0 mperature. the plasma is highl.
and to provide sufficient propagation distance for power collisional so that the niagnetic field penetrates the plasma

compression by time-of-flight bunching [2], [3]. Several rapidly on the microsecond timescale of the discharge.
different transport techniques have been proposed [4]. 151. For higher density, beam-energy losses are increased b%
These include a wire-guided transport system [5]-[8], a collisions with the plasma and by deceleration in the larger
wall-stabilized z-discharge transport channel [51, [9]-[15], axial electric field of the more resistive plasma. Lower
an achromatic lens system with ballistic transport [16]-[171, densities will result in excessive plasma pinching and in
a laser-initiated freestanding z-discharge transport channel the growth of MHD instabilities. After beam injection.
[181-[20]. and self-pinched transport 1211. Wall-stabilized lower densities also allow excessive beam-driven channel
z-discharge transport and wire-guided transport have been expansion.

Figure 2 shows a schematic representation of the in-
Final manuscript received No%.ember 25. 1991. This work was supported jection geometry appropriate for both transport techniques' b% the U S Department of Energ) through Sandia National Laboratories, discussed here. A pinch-reflex ion-diode 12S]-[27] of radiusAlbuquerque. IN.N

P. F. Ounger, D. Mosher. J. M. Net,, S. 3. Stephanakls, and F. C. R is used to produce a proton beam on the Gamble IISYoung arc %ath the Plasma Physics Division. Naval Research Laboratory, generator at NRL [28]. Ions are weakly focused by self
Washington. DC 20375-5000. magnetic bending of the ion orbits in vacuum over the

P 3. Goodrich. D. D. Hinshelwood, and D V Rose are with JAYCOR.
Inc., Vienna. VA 22182. distance A between the anode and the cathode foil. Since

IEEE Log Number 9201881. the ion current density varies as r-1 in this type diode, the

0018-9219/92S03.00 © 1992 IEEE
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POWER- ions which hit the wall. Once the beam exits the channel, it
FW fagain propagates ballistically. The standoff efficiency, r77, is

Scu,,teI return envelope calculated by determining the fraction of the beam exiting
R -1 .'the channel which would hit a target of specified radius and

- -ltC -. " ' distance from the channel exit. The product of these two
Sd ] efficiencies is defined as the transport efficiency 7t. =7177s.

shadowbox Note that these efficiencies are defined in terms of particle
A or losses and not energy losses.

The wire-guided transport technique is similar to the
v.•M, ,ocued °Co'..° z-discharge technique and is illustrated in Fig. 3. The trans-

diode eg ... . 9o, ported ion beam is confined by the azimuthal magnetic field

produced by an axial current flowing in a gas-embedded

Fig. 1. Schematic of z-discharge transport system. guide wire. The wire current is returned through a small
number Nu. of wires outside the beam envelope. Once
the beam is injected, the beam head quickly ionizes the
gas surrounding the wire, and beam charge and current
neutralization is established [22]. The same constraints on

•2 e, beam-energy loss and scattering and channel expansion
apply for wire-guided transport as for z-discharge transport,

------- so that the required gas density is similar. However, since
ions injected into the channel with low angular momentum

O drI intersect the wire, the injection efficiency for wire-guided
10 -transport is calculattd by determining the fraction of beam

ions which hit the wire. There is no outer wall in this case,

D - -L -but ions can be lost to large radius if the return-current
wires are too close to the beam envelope.

diode injection Diagnostics of the ion beam include shadowboxes and
plane plane prompt-Y radiation from lithium-fluoride targets. The shad-

Fig. 2. Schematic of ballistic focusing region illustrating geom- owbox consists of a pinhole array and witness plate mounted

ctry of beam injection into the transport channel. just outside the channel exit and is used to sample the

transverse velocity distribution of the transported beam [7].

[8], [13], [14]. Prompt -y rays from 'tF(p.o.-,) reaction
bending angle is independent of radius and is given by -i are used to obtain timing information and qualitative in-
WacA/v. _• I,(t)/[V(t)]1/2, where wc = 2eZI,/ c' R and

isthespeed of i ght . wHere, v,, is theZionm anee d exiting formation about transport efficiency [29]. These prompt--,
c is the speed of light. Here, vo is the ion speed exiting measurements of transport efficiency are imprecise be-
the diode. I,(t), and V(t) are the ion beam current and cause the cross section for this reaction is sensitive to
the diode voltage, and eZ and m, are the ion charge and the proton energy. A second technique with much weaker
mass. Ions emitted at radius rd are assumed to be uniformly energy sensitivity uses 16-MeV prompt -y ra~s from the
distributed in velocity about this bending angle within a Li(p. ,) reaction to activate an adjacent copper target via
microdivergence cone of half angle 0,,. It is assumed that the 63Cuik-. n) 62-Cu reaction [30]. After a shot, the 10-
0Oi is the same for all rd and all time. Ions follow ballistic min half-life 62Cu !3+-decay is measured to determine the
trajectories in the gas-filled region between the foil and the time-integrated proton flux. Results of these measurements
entrance aperture of the transport system. Ions of speed t,, are compared with theoretical predictions to evaluate beam
enter the transport system through an aperture of radius r. transport. Results demonstrate that beam-energy transport is
located a distance, D, from the anode surface. lony with highly efficient; the only significant energy loss is classical
r. > ra hit the channel entrance plate and are lost rhe stopping in the gas. The experimental beam injection effi-
diode radius. R. and the distance. D. specify the maximum cienc% and the beam phase-space distribution at the channel
injection angle into the transport section to be about R/D exit (from shadowbox measurements) are consistent w ith
where, in general, RID << 1. theoretical predictions for both transport techniques, thus

Once in the transport s% stem, ions propagate axially while confirming beam charge and current neutralization during
rotating azimuthally and oscillating radially in the confining transport.
magnetic field. The beam radius in the channel, r1,, is larger Z-discharge transport is discussed in detail in Section
than the entrance aperture, r,,, because ions injected at II. Both experimental and theoretical results are presented.
r,, can have radial velocities as high as (R/D)t'o. For a A similar discussion of wire-guided transport is given in
channel wall radius of r,, the entire beam is confined if Section 1II. Section IV provides a brief outline of system
rb, S r,. If rb, > r,, then part of the beam will be lost considerations for multimodule ICF systems using these
to the wall. The injection efficiency, T1,, for z-discharge transport techniques. Results and conclusions are presented
transport is calculated by determining the fraction of beam in Section V.
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II. Z-DISCHARGE TRANSPORT 
So

The z-discharge carries a current, I, which is dis- ?
tributed radially across the channel out to the wall at o_,_.3 radius r,. For afiy given ion, the radial position r,, and -O -0.5 0o 05 0 00 oo 1000

velocity components at injection into the transport system
(Vro, veo, and vzo) determine the constants of the motion
that govern the orbit. These constants are energy, H,
angular momentum, Pe, and canonical axial momentum, .
P,. Using the constants of the motion to solve for Vr yields

2 2 21/2 )-(v + V 0 rv00 + , -c o" + - r' +1__ j "V0 r V2 o (N r+ I• N., =.
-to 0 0) . 0o 00 50 1000

X ()cm) Z (cm)

where the model B8 ,- rN has been applied, volvo - (c)
2eZI¢/m,voc2 and the small parameter E - RID '- 0.1 Fig. 4. Z-discharge ion orbits with , = 80 kA and r, = 0.45 cm

has been used to eliminate higher order terms. By setting for (a) tv,-/vo = 0.1 and v0U/vo = 0, (b) ',-o/u, = 0 08661, and

Vr = 0 in (1), the radial turning points for the ion orbit are v;o/tvo = 005, and (c) Vro/t'o = 0, and teo/u, = 0.1.

obtained. Ions with outer turning points larger than r,, hitSthe wall and are lost. Using the diode model discussed in to the channel exit. The resulting ion-beam phase-space
Section I to model the injected beam, (1) can be utilized to distribution can be used to calculate a shadowbox image for
calculate the injection efficiency. Results of this calculation comparison with experimental images. After accounting for
will be compared with experimental measurements. beam-energy loss in the foil and gas due to classical slowing

The minimum channel current 1cm required to confine down, the calculated beam distribution at the channel exit
all injected ions withirn the channel radius rc is determined can also be used to predict prompt--y yields for the nuclear
by setting v,. = 0 at r = rc for an ion with maximum diagnostics.
transverse energy, i.e., an ion entering the channel at the In recent NRL experiments [311, [32], 1.2-MeV proton
entrance aperture radius r, from the edge of the anode at beams were transported with R = 5 cm, D = 20-30 cm.

radius R. This minimum current is given by r( = 0.85 cm, and rc = 1.25 cm. For the experimental

(N + 1)Vo7m1 ,c2  (R)\ 2  parameter set with D = 30 cm, (2) yields I,,,, = 45 kA for
cm +)) (2) N = 1, a typical value used in the experiments. The diode

4Ze(1 - (rp+ /r. vacuum is separated from the gas (typically 2 torr air) in
For Ic < /cm, ions with larger transverse energies will be the focusing region and transport channel by a 1.8-min thick
lost to the wall. polycarbonate foil. An insulating inner liner defines rc and

Integrating (1) yields the ion trajectory. Sample orbits for separates the discharge from a conducting outer tube that
the N = I case, that of a uniform discharge current density, returns the current in a low inductance path that helps to
are shown in Fig. 4 for different injection conditions. stabilize the plasma against MHD modes. The insulator also
The orbits are closed, with the motion repeating itself provides a breakdown surface that permits the discharge to
after the ion propagates axially one betatron wavelength, be struck in a several-meter long column of gas with a
A, = 27rrc(vcIvo)1/ 2 . The ion orbits which pass through low-voltage (40 kV) capacitor bank. Magnetic probe and
the aperture and do not hit the wall can be followed interferometric measurements [33] suggest that the current
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has not quite penetrated to the axis of the discharge and 1000 -•

that the plasma is just beginning to pinch when the ion 0 - 20"I

beam is injected into the channel. Timing beam injection in a800 0 - 256 cm

this manner (about 1 As into the discharge current rise for , 0 - 30 cm

the NRL experiments) also avoids the development of the 600 ,

sausage and kink instabilities. Typically, the best agreement 0

between theory and experiment is obtained with N between
two and three for the magnetic field modeled by B0 , rN. X , 200

Z-discharge transport experiments have been carried out U 2

using 1.6-, 2.5-, and 4-cm diameter channels with lengths of 0
1-5 m. The transport efficiency is determined by comparing 0.o 200 400 600 Soo 1000
measured prompt--, signals wit!' computed signals derived Calculated yield
from beam current and voltage tti..es. The computed signals
take into account energy losses in the transmission foil

Fig. 5. Experimental yield versus calculated yield for lithium-activation
and gas and the energy dependence of the thick-target -t- targets at the input of the z-discharge transport channel.
ray yield. These measurements demonstrate that transport
efficiencies approach 100% for all geometries with up to 1000
400 kA transported in the 4-cm diameter channel [131. 0 -. 20 em

A comparison of measured and calculated nuclear- -00 0-28 I
activation yields was used to infer ion transport efficiency -, 0 c

as a function of D for shots with Ic - 40 kA, r 1.25 " 0

cm, and R = 5 cm [31], [32]. Nuclear diagnostic targets
were placed either at the entrance or exit of the transport .E 400channel, and Li prompt--7 yields from front and rear targets Q.

X
were compared after adjustments were made to compensate W 200
for small shot-to-shot variations in the diode-voltage and
ion-current histories. Experimental yields are plotted versus 0
the theoretically calculated yields in Fig. 5 for targets at 0 200 400 600 So0 1000

the channel input. Calculated yields were normalized using Calculated yield

a shot with a large area target designed to intercept the Fig.6. Experimental yield versus calculatc:'.,,.LJ for lithium-activation

total ion current and a best fit was obtained by adjusting targets at the exit of the z-discharge transport channel.

the assumed value for the microdivergence 0,. Figure 6
compares yields obtained with targets at the channel exit grazes the channel wall and Avr/v < 1.
with calculated yields for N = 3. If the injection efficiency /
ij, is defined as the number of ions transported divided o2 2v; 1 - r,'').

ma'x -(N +1)v 0 k " ) (3by the number of ions which pass through the aperture, 0 ( r
these results imply that rit = 0.69 for D = 20 cm. 0.84for 25 cm, and 0.96 for 30 cm. The scatter of the data Measurements of O0,.). are compared with (3) for different
in Fig. 6 from the line is a measure of the uncertainty values of N in Fig. 8. A best-fit to the measurements isachieved for N between 2 and 3; this result agrees with both
in these values. This analysis indicates that the transport the magnetic-field measurements and the analysis of the
efficiency is reduced, as expected from (2), for anode-to- nuclear-activation measurements. Taken together, results
channel-aperture separations less than 30 cm due to loss of from all the measurements confirm beam charge and current
confinement of ions with higher transverse energy. Higher neutralization during transport.
L. would trap these ions and increase 77. Only about 8%
of the beam energy was lost during transport which is
consistent with classical slowing down in the gas. 111. WIRE-GUIDED TRA-NSPORT

Experimental and calculated shadowbox images are Wire-guided transport employs a current-carrying wire
shown in Fig. 7 for D = 20, 25, and 30 cm. The calculated rather than a z-discharge to provide the azimuthal magnetic
images reproduce the trends in spot size and location of the field that confines the ion beam. The equivalent of (1) for
measured images. The size of the damage spots associated wire-guided transport is
with each pinhole is a direct measure of the radial velocity
spread at the pinhole radius. The maximum velocity spread Vt. _[v r +-v_ 0o 01180 v ( rr+ 2 163can be defne as~o 0,,, in + (3
canbe defined as= ,,,,=6/=Avr/v, where 6 is the vV2 r2--,- n v-, r2
spot radius and ( is the distance from the pinhole to the (4)
witness plate. Figure 8 compares measurements of 0 on where Be - 1/r, and vu./vo = 2eZI,/mnvc 2. Again, by
a single shot (circles) with orbit theory. From conservation setting v, = 0 in (4), the radial turning points for the " n
of axial canonical momentum for an ion with vo = 0 that orbit are obtained. Ions with inner turning pointý, smaller
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Fig. 7. Experimental and calculated z-discharge shadowbox im- and r. = 0.6 cm for (a) t'ol1r = 0.098 and to,,/a- = 0.021.
ages for (a) shot # 4810 with D = 20 cm, (b) shot # 4850 with D (b) l.o/t-o = 0.087, and ve.o ,'o = 0 05, and (c) t'r,-/t'o = 0. and

- 25 cm, and (c) shot # 4808 with D = 30 cm. V'.o/t' = 0.1.

5 0.3 a specified radius r,. For RID << 1. IW,,, is given by

0.3- v(n5c2  (R

2Z e In (r ./~ ) ': 
-("1 • 0.2 In NRL experiments with 1.2-MeV protons [7], [81, R=

5 cm, D = 20-30 cm, ra = 1.25 cm, rw, = 0.05 cm. and

0 0.1 1, = 20-30 kA. For D = 30 cr, all ions not lost to the
wire are confined within rc = 2 cm during transport for ],,.
= 25 kA. For the same injection conditions, a larger wire

0.0 current would confine the beam within a smaller r,. but
0.0 0.5 1.0 1.5 would result in more losses to the wire. Larger r,,. would

also result in more losses to the wire.
r(cm) Measuiements of particle transport efficiency with

Fig. 8. Experimental values and calculdted curves of ̀  ,,, %rsus prompt---, nuclear activation for 1- and 1.5-m !ong wires
pinhole radius from L-dibcharge shadowbox images for shot s 4z,10 of radius r,,, = 0.05 cm gave 71, = 0.75-0.8. These results
with D = 20 cm The curves correspond to (3) with X = I (top).

(middle), and N = 3 (bottom). are consistent with calculations based on (4). Orbit analysis
has also been used to predict the shapes of shadowbox
images. Calculated and experimental images are compared

than the wire radius ru. hit the wire and are lost. Equation for a radial array of pinholes in Fig. 10 for two shots with

(4) can be utilized to calculate the injection efficiency for different experimental conditions. The absence of damage
wire-guided transport [6]. Trajectories for ion orbits in on the axis reflects the loss of low-angular-momentum
the magnetic field of the guide wire can be obtained by ions to the wire. Similarities in size and shape of the
integrating (4). Sample orbits are shown in Fig. 9, where it calculated and measured images indicate that the transverse
can be seen that, in general, the wire-guided orbits are not phase-space distribution of transported ions is determined
closed. The wire current Iwi is defined to be that current primarily by orbital motion in the applied B67 field without
which confines the ions (that do not impact the wire) within major perturbations from beam-background interactions,
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Fig. 10. Experimental and calculated shadowbox images for
wire-guided transport (d) for shot # 4727 with D = 10 cm, !,,. Fig. 11. Operational windo• for ion beam transport sho%,ing ion

= 15 kA, and r. = 0.78 cm and (b) for shot # 4470 with D = 10 beam power P versus R/F with various system constraints for a
cm, I,,. = 27 kA, and r, = 1.27 cm. LU3 beam with a 23-37 MeV ramp in injected energy for bunching.

The required LMF ion power per beam for 10, 20, or 30 beams
is also indicated.

instabilities, or asymmetries.
Initial experiments employed a large-radius cylindrical [23]. Power-limiting constraints for LMF parameters are

curient return. More recent experiments have used a small summarized in Fig. 11 for a Li*3 beam with an injection
number Nu of current-return wires mounted at small radius energy ramped from 23-37 MeV to achie~e bunching of
R,,. The return wires break cylindrical symmetry so that the a 40-ns extracted beam to 10 ns over a 3.3-i long z-
loss of angular-momentum conservation leads to irregular discharge channel. Here F is used instead of D, where F
motion and additional losses to the central guide wire. denotes the focal length of a diode which focuses the ion
This is particularly serious for N, = 3 because many ions beam to a spot of radius FO, at the channel aperture. The
have orbits similar to that illustrated in Fig. 9(b) and will channel radius is taken to b, 1 cm and a microdivergencc
interact strongly with the return wires. A large number of of 7 mrad is assumed. Acceptable transported powers are
orbit calculations in the magnetic-field distribution of the in the shaded region below limits associated with the
central guide wire and return-current wires have determined channel-filamentation and electrostatic instabilities, and a
the minimum values of R,, and N,,. that do not enhance 25% energy loss due to collisional stopping and deceler-
losses beyond those in the cylindrically symmetric case [6]. ation in return-current-driven and induced electric fields.
Results show that N,,, = 4 and R,, = 1.4 r, can provide 95% These limits are compared with the required extracted
of the ideal transport efficiency. power per beam for 10. 20, and 30 modules delivering a

total of 1000 TW' to the pellet with 50% on-target efficiency.
IV. SYSTEM COI"SIDERATIONS These considerations indicate that 20 or more modules with

In order to apply these transrort techniques to ICF RR7 of about 0.1 can satisfy LMF requirements in a z-
scenarios, other system considerations must be addressed. discharge transport configuration. Similar rsults can be
For example, the Laboratory Microfusion Facility (LMF) derived for wire-guided anc' other transport techniques.
requires a minimum amount of hardware in the target System studies have also been carried out to determine
chamber (34]. 'Io this end, a low-mass version of the z- the total particle transport efficiency (i.e., rj.. where i,
discharge transport channel hardware is being investigated, is the standoff efficiency) for LMF using either 7-discharge
A 2-cm ciameter Kaptc:' tube with a metal-foil oo:ter or wire-guided transport [6], [15]. Here. 7,.-ik the ratio of
conductor has been fabricated. Analysis shows that such the number of ions which ht the target to the number of
tubes should meet LMF debris requirements [35]. The ions which'exit the transport channel as a function of the
tubes are rigid over several-metei length, so that they standoff distance between the channel exit and the target.
need oe supported only at the containment-vessel wall. In these studies, the channel aperture %as set equal to
Experiments with 1- and 2-m lengths have been carried out the beam radius at best focus, which is equal to FO,, for
with channel currents up to 75 kA [331, [36]. Containing a focusing diode. For z-discharge transport. the chanutel
the discharge in a tube has the potential advantage of radius r, was set equal to 21/27,, and r", was used to
separating the discharge gas from the target-chamber gas, determine the pellet stand off distance. For wire-guided
which allows for different gases and pressures to satisfy transport, the wire radius was chosen so that melting did
different requirements. not occur for a wire current rising to 1,, in 10 ;,s. The diode

A variety of theoretical calculations have been carried adius R then determined the transporting beam envelope
out to determine limits on transportable ion power as- radius r, and return-wire radius R,,, which, in turn, were
sociated with instabilities [10], [11], the MHD response used to determine the stand off distance from the pellet.
of the channel to beam transit [24], energy loss during Orbit ana!ysis provided the total transport efficiency from
transport, channel packin,,, and standoff around the pellet the diode to the pellet for each technique. Examples of these
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100 Xthis technique attractive for LMF. However, the back-

80 I 10kA equiemetsand n3t break down during the current rise
0220kA 10 kAin the wire; these conditions may be difficult to meet

60 40 kAsimultaneously. Although system studies show that both
80 kAtechniques wiil provide greater than 50% particle tranisportU40 efficiency fromt the diode to the target for LMF, experimen-

I~ F= 00CM tal tests with MA-level Li beams are required to accuratel\
20 1.0 C7Mra evaluate beam-chan nel1-interact ion limitations under LNIF

0 N=20 modules conditions. Transport for an ICF reactor will require thi'.0 4 8 12 16 20 transport work to be extended to other techniques, such as
R~cm)ballistic transport, freestanding z-discharge transport. and
R~cm)self-pinched transport.

Fig. 12. Plot of z-discharge transport efficiency as a function of
diode radius with F = 100 cm, 09, = 7.5 mrad, ri = 1.06 cm. ACKNOWLEDGMENT
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a Intense ion-beam-transport experiments using a z-discharge
plasma channel
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A z-discharge plasma channel is used to confine and transport an intense proton beam. A
pinch-reflex ion diode on the NRL Gamble II accelerator focuses a proton beam
onto the entrance aperture of a 2.5 cm diam, 1.2 m long z-discharge transport system. The
beam ions are charge and current neutralized in the discharge plasma, and execute
betatronlike orbits in the magnetic field of the discharge. Ion beam diagnostics include
shadowbox imaging and prompt-y radiation measurements from LiF targets. Under
appropriate conditions, 95% particle transport and 90% energy transport are observed, with
the only energy loss attributed to classical stopping in the channel gas. The transverse
phase-space distribution of the beam measured by the shadowbox is consistent with full charge
and current neutralization of the transported beam.

I. INTRODUCTION centimeter distance from the channel exit to the target. In
this standoff region, beams friim other channels combine to

Light ion beams are a promising driver for inertial symmetrically drive the target implosion.
confinement fusion (ICF).' Beam transport of several In order to evaluate this scheme as an ICF driver, the
meters2 is required to isolate the accelerator and ion source coupling efficiency of the ion source to the transport chan-
from the blast and radiation of an ICF target explosion. An nel, the transport efficiency of ion-beam energy through the
additional benefit of the transport distance is that time-of- channel, and the pellet coupling efficiencN associated with
flight bunching, using a programmed accelerator voltage expansion and overlap of the ion beams after exiting the

pulse, can be used to increase the ion-beam power and channel must be determined. Because the pulsed power
decrease the pulse duration at the target.3 The z-discharge and ion source for an ICF level test do not yet exist, ex-
transport of intense ion beams over distances of up to sev- periments and analyses at currently achievable levels must
eral meters4-8 has been demonstrated. For this technique, first be carried out to provide understanding of key physics
the plasma density and electrical conductivity of the dis- issues before scaling to an ICF level demonstration.
charge are sufficiently high to provide charge and current The experiments presented here measure for the first
neutralization of the ion beam, so that the discharge mag- time the ion-source coupling to the channel from the diode
netic field alone guides the ions along the channel path.9 through the entrance aperture for various injection condi-
Thus, for nearly paraxial ion beams, ion-beam-pulse ener- tions and the ion-trapping efficiency of the channel for
gies far greater than the energy invested in channel forma- these injection conditions. These will be defined more care-
tion can be efficiently transported to a target. The limits to fully in Sec. IV as the aperture efficiencý and the injectior,
the peak power and energy that can be carried by a channel efficiency. Previous experiments 4' 8 gentrally concentrated
of a given diameter are associated with beam-plasma upon diagnosing that portion of the ion beam confined in
interactions. 0-12 The transpoi table power per channel then the channel by making the first ion-beam-intensity mea-
determines the minimum number of system modules re- surement well back from the entrance aperture. This mea-

S quired to meet ICF target requirements. surement, referred to as the energy transport efficiency, is
A conceptual drawing of z-discharge transport in an also mad6 here. A new nuclear activation diagnostic em-

ICF module is shown in Fig. 1. The complete ICF system ployed in the present experiments provides more accurate
will pack 10-30 such modules around the target. At measurements of energy transport efficienc. than previou,
present, an ICF module is expected to transport a few work.
megampere, 30 MeV Li+ 3 beam. The ion diode focuses the For the present work, the discharge parameters were
ion pulse onto the entrance of the z-discharge channel over held nominally constant for all shots. The aperture effi-
a distance of approximately 1 m. The diode radius is about ciency, the injection efficiency, the energ. transport effi-
10 cm and the beam is transported within a radius compa- ciency, and post-transport expansion uere measured for
rable to the ICF target radius which is about 1 cm. The various injected beam conditions. The phase-space iistri-
beam is transported 2 to 3 m in the discharge channel, bution of the ion beam delivered to the channel entrance
through the target chamber to the vicinity of the ICF tar- aperture was varied by placing the channel entrance at

get. The ion beam then expands ballistically over the few distances of 20, 25, and 30 cm from the ion diode. The

ion-beam intensity at the diode exit plane. at the channel
')Permanent address: JAYCOR, Vienna, Virginia 22182. entrance, and at the channel exit were measured with a
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FIG. 1. Schematic drawing of a z-discharge transport system for ICF.

prompt-y diagnostic that is immune to ablation effects. used to assess the beam transport characteristics. In Sec.
These beam intensity measurements were used to evaluate III we present a brief review of the theory of z-discharge
the three efficiencies. The beam intensity data was analyzed transport, and discuss the numerical modeling used to an-
with a three-dimensional (3-D) particle-transport code, alyze the characteristics of the ion source and the transport
using the measured diode voltage and ion current wave- system. In Sec. IV we present the results of the ion-beam-
forms to correct for shot-to-shot variations in the injected transport experiments and analyses. Discussion and con-
ion beam. The transported ion-beam phase-space distribu- clusions are given in Sec. V.
tion was sampled at the channel exit with a shadowbox to
evaluate post-transport expansion. The transport code was II. EXPERIMENTAL SETUP

also used to simulate shadowbox measurements for various The components of the experiments are described in
assumed magnetic field distributions in the channel. the following section; the ion source, the transport channel,

In the work presented here, efficient transport of MV and the ion-beam diagnostics.
level proton beams through a 1.2 m long z-discharge A. Ion beam source
plasma channel is demonstrated. A 1.2 MeV, 500 kA pro-
ton beam produced on the Gamble II generator' 3 with a The proton beam is produced with a modified pinch-
pinch-reflex ion diodel4-16 is weakly focused onto the 1.7 reflex diode (PRD).14-16 In these experiments, a fiat anode
cm diam entrance aperture of a 2.5 cm diam, wall- foil is used to provide a weakly focused ion beam for in-
stabilized, z-discharge transport channel. 4'"s17 The dis- jection into the z-discharge channel. The beam is focused
charge current is provided by a 60 kV, 1.8 yF capacitor by self-pinching forces of the ion beam in the diode vac-
bank producing a 45 kA peak discharge current through a uum gap. With the resulting weak focus, a variety of ion-
2 Torr air fill. A combination of time-resolved and time- beam input conditions are obtained simply by locating the
integrated prompt-y measurements demonstrate that, as channel entrance aperture at different distances from the
expected, classical collisional slowing in the channel gas ion diode.
results in 90% efficient energy transport. The shadowbox The geometry of the ion diode is shown in Fig. 2. A 6
measurements of post-transport beam expansion indicate cm radius' annular cathode of 2 mm width is used. An
that the confined ion-beam distribution is consistent with anode, consisting of a 12.7 um thick polyethylene foil
ton trajectories for a fully charge- and current-neutralized mounted on a 0.18 mm thick, 5.5 cm inner radius alumi-
ion beam in a cylindrically symmetric channel. At the 30 num ring, is positioned opposite the cathode tip with an
cm diode-to-channel spacing, where the injected ion distri- anode-cathode spacing of 5 mm. The diode and the region
bution is predicted to be well confined by the discharge behind the anode foil are evacuated to less than I X 10-4

current, the particle transport efficiency of the system is Torr. The diode region is separated from the air-filled fo-
measured to be greater than 95%. For the 25 and 20 cm cusing and transporl region by a 2/urm thick, 5.4 cm radius
spacings, analysis of particle losses to the walls of the dis- polycarbonate foil (Kimfolls), located 8 mm behind the
charge channel indicate that the radial magnetic field pro- cathode tip. Ion current incident on this foil is measured
file in the channel is hollow, with a Rogowski coil, as shown in Fig. 2. Charge and

In Sec. II we describe the experimental hardware used current neutralization required for ballistic propagation, is
to generate the intense proton beam, the plasma channel provided when the 2 Torr gas fill behind the Kimfol is
used to transport the beam, and the diagnostic techniques ionized by the beam front. Full current neutralization im-
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FIG. 4. Schematic of the z-discharge channel used in the experiment.

FIG. 2. Schematic of the modified pinch-reflex ion diode.

plies that the current measured by the Rogowski coil is the B. Transport channel

incident ion-beam current. The plasma channel is generated by a wall-stabilized
Electrical quantities of interest for the ion diode are the z-discharge,4'8 "1 as shown in Fig. 4. The discharge is initi-

voltage, the total current, and the ion current. The diode ated on the inside surface of a ceramic liner at the high-
voltage is obtained by correcting the voltage measured at voltage connection and travels the full length of the liner to
the water-vacuum interface of the generator by the induc- connect to the outer return conductor. An entrance aper-
tive voltage drop to the diode gap. The total diode current ture, ra=0.85 cm, is used at the lo%%-voltage end of the
is measured with a resistive shunt located behind the channel to define the input ion-beam radius. A 1.2 m long,
water-vacuum interface and with magnetic loops located 2.54 cm diam liner is used, and the discharge is driven b%
in vacuum between the insulator and the diode. The ion a 60 kV, 1.8 giF capacitor bank. The discharge current is
current is measured with the Rogowski coil, as discussed measured with a Rogowski coil placed around the insula-
above. Typical waveforms for these electrical quantities are tor. The brass return conductor suppresses kink instabili-shown in Fig. 3, The diode voltage and the ion current are ties, while the gas density is sufficiently high and the 800

used to calculate ion trajectories and to evaluate nuclear nsec rise time to peak current is sufficiently short so that
reaction yields. A detailed description of the diode model pinching and inagnetohydrod~namic (MHD) instabilities
used fer analysis of the transport experiments is presented do not occur. A capacitor bank voltage of 40 kV and a gas
in Sec. III A. fill of 2 Torr air result in a peak discharge current of 45 kA.

The discharge plasma is nearly fully ionized when the
beam is injected just prior to peak current.

Magnetic probes have been used to measure the mag-
1.5 1 , 1 netic field profiles in the discharge channei.'° Results indi-

cate a nearly uniform current distribution across the entire
Voltage channel cross section during the current rise. However, the

finite size (=0.2 cm across) of the probe may result in an

1.0 overestimate of the magnetic field near the axis of the chan-
nel. Laser interferometric measurements'c of the plasmaDiode Current density ifidicate a lower density near the axis, perhaps im-

plying a hollow current profile. An effort is underway to, •investigate this issue in more detail using one-dimensional
,• 0.5 simulations.

This plasma channel meets all the requirements for aSIon Current transport channel. As discussed in more detail in Sec. III
B, the peak discharge current of 45 kA is expected to result
in efficient trapping of the ion beam for a diode-to-channel

0.0 spacing of 30 cm. The 2 Torr fill pressure gives an initial
0 20 40 60 80 100 120 140 molecular density of 7 X 1016 cm- 3. while a proton beam

current of 50 kA at 1.2 MeV delivered to the channel
Time (ns) entrance aperture (a generous estimate of the experimental

conditions) gives a beam density 11b of 9X 10" cm-FIG. 3. Typical ion-diode waveforms. Thus, the condition of n,<n, for charge and current
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served, but the strength of the 12.7 h 64Cu decay is only a
LiF Cu Disk small fraction of the measured activity. The "Cu activity
Coating and the background counting rate are included in the least-

squares-fitting process. The coincidence counting system is
calibrated between shots with a 22Na source to provide

Ion Beam consistent measurements. Uncertainties in the relative ac-
"tivities are about 1%, based on the statistical uncertainty in

--Aluminum the least-squares fits, and the uncertainties in the time de-
Housing lay correction and the counting system calibration.

Simultaneous prompt-i, measurements for the proton-

2 cm induced reactions on 19F and 7Li are independent. The 6-7
MeV y rays from the 19F reaction and bremsstrahlung x

Plate rays are too low in energy to activate copper, because the
threshold for 6"Cu(yn)"2Cu reaction is 10.9 MeV. On the
other hand, the scintillation detector measures y rays pri-

FIG. 5. Schematic of the LiF nuclear activation diagnostic. marily from fluorine because the 19F(p,ay) yield is 30-60
times that of the 7Li(p,)y) yield for 0.9-1.2 MeV

neutralization2 is easily satisfied, where n, is the plasma protons. 20.
2 The relative contribution of these two reac-

tions to the scintillation detector was determined by replac-
e!ectron density. ing the LiF target with a LiCI target to produce only 7Li y

C. Ion-transport diagnostics rays. Gamma rays from nuclear reactions on chlorine are
assumed to be negligible at these proton energies. This

The characteristics of the ion-beam transport are mea- measurement indicates that the 7Li yield contributes less
sured with two different techniques. A dual prompt-y di- than 10% to the scintillation detector signal. Finally, re-
agnostic is used to determine the aperture efficiency, the placing the LiF target with a brass target gave no activa-
injection efficiency, and energy-transport efficiency, while a tion of the copper sample, and a bremsstrahlung signal
shadowbox is used to sample the ion-beam phase-space only about 20% of the prompt-1, signal.
distribution after transport. The signal from the 19F reaction is used only as a

The dual prompt-y activation technique uses proton qualitative measure of ion-beam transport Quantitative
bombardment of a LiF target to generate a flux of 6-7 MeV data reduction is complicated by the strong proton energy
prompt y rays from the 19F(p,a)) reaction20 and a flux dependence of this reaction, by the necessity of maintain-
15-18 MeV prompt i rays from the 7 Li(p,y) reaction.'ea 2  ing equal shielding between the target and detector for all
The target is located 7-8 cm behind the entrance aperture target locations, and by contributions from bremsstrahlung
or channel exit so that the ion beam is deposited on the and the 7Li reaction. In previous experiments nuclear tech-
central 4-5 cm diameter of the 7.5 cm diam target in all niques A ere also used, but either the "'F(p.ay) reaction,4
cases. This distance maintains a consistent geometry be- or reactions subject to ablation effects 5-- were used. The 7Li
tween the y-ray source and the copper detector (Fig. 5). reaction with secondary Cu activation combines an insen-
The 7,-ray yields from these reactions are measured simul-
taneously using two different techniques. The iQF(p,ar) sitivity to ablation with a relatively smooth energy depen-

reaction yield is measured with a scintillator/ dence similar to that of the aC(p.-')' 3N reactton 5 'photomultiplier detector mounted in a lead shield and lo- or the iOB(p,y)liC*(f3 " )tiB and i4 N(p.T,)iSO*(/i)i"SN
cated behind a 30 cm thick concrete wall, 3.5 m from the reactions. 6 Copper activation is used to obtain a quantita-cate beinda 3 cmthik cncrte all 3. m romthe tive measure of ion-beam transport. A na)Nsis of the nuclear
target. The concrete differentially shields lower energy
bremsstrahlung produced in the ion diode from the higher reaction measurements is described in detail in Sec. III C

energy prompt-y rays. Also, this detector is positioned to A shadowbox is used to sample the local ion distribu-

provide enual time-of-flight and approximately equal tion by reoording ion-beam damage on a witness plate lo-

shielding for y' rays from targets located at either the en- cated behind an array of pinholes. This technique is shown

trance or the exit of the transport channel. The y-ray yield in Fig. 6. The witness plate material is a thermoplastic with
from the 'Li(p,y) reaction is measured using secondary a thin emulsion layer that is stripped from the witnehs plate
activation. The 15-18 MeV 1, rays from the reaction acti- after the shot to remove damage caused by low-energy ions
vate a nearby copper sample via the 63Cu(y,n), 2Cu reac- or the discharge plasma. High-energy ions penetrate this
tion (Fig. 5). After a shot, the copper sample is removed emulsion layer, and damage the plastic substrate. Damage
and the 9.76 mm 62Cu positron activity is measured using is observed if both the ion beam and the discharge are fired
Nal coincidence counting. Multichannel scaling is used to and properly timed. No damage is observed if the dis-
record the 62Cu decay for more than 20 half-lives. The charge is not fired or if the discharge is fired without an ion
initial 2 Cu activity is determined by a least-squares fit to beam. The damage patterns consistently show symmetry in
the measured decay curve. Also, a correction is made for the 0 direction as expected from the cylindrically symmet-
the delay from the shot to the start of counting. Activity ric geometry of the experiment. The shadowbox damage
from the competing 65Cu(2',n)"4Cu reaction is also ob- patterns provide a measure of the angular distribution of
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I only free parameters in this analysis are the microdiver-gence of the ion beam at the source, and the radial struc-

the ion beam imaged through the various shadowbox pin- ture assigned to the magnetic field in the channel. TheUholes, but do not provide a quantitative measure of the ion microdivergence is determined by fitting the ion source
intensity. The shadowbox results are compared with pre- calculations to the results of the copper activation mea-
dictions based on Monte Carlo simulation of ion-beam surements at the channel entrance. The radial structure of

i propagation through the channel and the shadowbox pin- the magnetic field is determined by fitting the shadowbox
holes. Although the calculations provide intensity informa- results and the nuclear reaction measurements of the trans-
tion within the shadowbox damage spots, only the bound- ported beam. In Sec. III A we present the model for the ionS aries for the damage patterns are used to compare with the source, and Sec. III B is a presentation of the model for
measurements. Details of the calculations are given in Sec. z-discharge transport of the ion beam. Based on these mod-
III D. els, in Secs. III C and III D we present the numerica-

t ttechniques used to analyze and interpret the experimenta l
IIl. THEORY AND FRAMEWORK FOR DATA nuclear activation and shadowbox measurements.

The sheory of ion-beam transport in a z-discharge A. Ion source model

channel has been treated previously in some detail. Axi-symme:ry is assumed in all analyses. Early work9 treated The model of Bhe ion source follows the physical de-
the main features of beam propagation aion given in Sec. II A and in Fig. 2. The corrected
ions possessed negligibly small angular momentum. More voltage and ion-current time histories measured for a shol
recent analysis23 has included the effects of ion angular are divided into 20 bins, of 4.5 nsec duration. The timing of
momentum. Here, angular momentum must be included in the first bin is selected so that the initial ion energy is
the analysis in order to quantitatively interpret transport approximately 400 keV. Protons below that energy arcI, efficiency measurements and properly compare calculated stopped by the Kimfol and channel gas. and do not con-
and measured shadowbox damage patterns. In this analysis tribute to the nuclear reactions. Equally weighted ion "par-the magnetic-field distribution in the channel is allowed to tiles," typically 50 000 per calculation, are distributedvyas (r/rp)ss where gi is the channel radius. The N v i aiong the 20 bins, according to the measured ion current

case corresponds to a discharge with uniform discharge Each particle in a bin is then given a random launch time
current density. By using the experimentally measured, within the time frame of that bin and is assigned a voltage

I voltage and current waveforms, the shot-to-shot variations determined by a linear interpolation of the voltage between
in the focusing properties of the ion source are accounted neighboring bins for that launch time.
for and the energy-dependent nuclear reaction yields are The geometry for ions launched from the diode an-a properly treated. For the shadowbox analysis, the ions injected into the transport channel is illustrated in Fig. 7.

from the diode model are transported through the channel The particles are distributed uniformly in azimuth and are
using a fully 3-D, nonrelativistic orbit code, dl d projected launched from the plane of the Kimfol with a I/rd radiao
onto the shadowbox structure to obtain shadowbox dam- distribution2 of current density. Since the orbits of the ionm
vlage patterns. For the nuclear reaction calculations, a turn- are bent toward the axis in the vacuum gap A of the diode

fing point equation is used to determine which ions are by their self-magnetic field, ions are launched at an angle
trapped by the channel and which ions are lost to the a nsot)t

S channel wall. Then, analytic techniques are used to project eb(I)- d) ,(I1)
the trapped ions through the channel, incorporating time- p a rm z n
of-flight effects and energy loss in the channel gas. The where

5 180 Phys. Fluids B, Vol. 5, No. 1, January 1993 155 Nen et al. 180



2Zdel,(t) ion beam are assumed to be fully neutralized by the dis-
0 C M ,CLR charge plasma. The magnetic field in the discharge is mod-

eled by
Zd is the ion charge state in the diode, V.d is the axial 2ir N
component of the ion velocity in the diode, 1, is the total B i- , (3)
ion current, m, is the ion mass, e is the electron charge, c is cr, rJ
the speed of light, R is diode radius, eb<l is assumed, and where I, is the discharge current. Since complete charge
all parameters are expressed in cgs units unless explicitly and current neutralization of the beam is assumed and
stated. Because the ion current density in the diode varies beam/plasma scattering collisions are negligible, beam
as l1rd, the self-magnetic field is uniform and ions at all propagation can be described in terms of single-particle
radii have the same bending angle. The magnetic field as- orbits in the magnetic field given by Eq. (3). For any given
sociated with the electron current in the diode contributes ion, the velocity components and the radial position at
insignificantly to ion orbit bending because the electrons injection into the transport system, v,0 , t'oo, v,, and ro<ra.
pinch to the axis in a thin layer 5 at the anode, where 5<A (see Fig. 7) determine the constants of the motion that
For these proton beam experiments, Zd= 1, m,=mP, R =6 govern the orbit. These constants are energy, H, angular
cm, and A= 1.4 cm so that momentum, P0 , and canonical axial momentum, P_ The

(MO = 2 ( ions are nonrelativistic, so that
eb(t) =0.32 V- 2 -t, (2) 2H 2 2 2 2

V7 0I2H 2 2 2 2

M =vr + v8+ Vz=Vo, (4)
for eb expressed in radians, current in MA, and voltage in
MV. P0

A beam microdivergence 0. is introduced in order to -=rV0 =r0vo, (5)
model nonuniformities in the electron and ion emission,
electromagnetic-field fluctuations in the diode, and scatter- and
ing in the foil. As illustrated in Fig. 7, ions are distributed P r___ L' "÷
in velocity space uniformly within a cone of half-angle V - I

centered about %b while keeping the total ion energy con- m, N+ 1
stant. The value for the microdivergence is chosen by where v6V%0 + v10+ V',
matching calculations for the 'Li nuclear activation at the
entrance of the channel with the experimental results for 2Ze(7)
the various diode-to-channel spacings (see Sec. IV A for m-c
details). and Z is the ion charge state in the transport channel. The

The particles are propagated ballistically from the radial equation of motion can be obtained by substituting
Kimfol to the plane of the channel entrance with their for ve and v, from Eqs. (5) and (6) into Eq. (4) and
energy corrected for collisional losses in the Kimfol and solving for v,- The azimuthal and axial equations of motion
gas. 5 The air is treated as 80% N2 and 20% 02, Particles can be obtained directly from Eqs. (5) and (6).
that have a radius ro at the injection plane less than the By setting v,=0 in the radial equation of motion, an
entrance aperture radius ra are used as the input for either equation for the radial turning points rp is obtained:
the shadowbox or the nuclear reaction yield calculations.
The calculations predict aperture efficiencies of from 2.4% Irov f• (r0 -r 1p )
to 6%, where the aperture efficiency is defined as the effi- 1 = 7 Vo (N+l )vor• ' (
ciency of delivering ions from the ion source to the channel
entrance aperture (see Sec. IV for further discussion). The This equation defines the inner. rtp=r,, and outer, rpýrA.
lower number results when the diode-to-channel spacing is turning points for any given ion entering the channel with
30 cm, and the higher number results for the 20 cm diode- specified initial conditions. In the special case of N= I and
to-channel spacing. For a typical ion current of 500 kA Po=O, r,!-O and the ions follow nearly sinusoidal betatron
from the diode, these results correspond to 12 kA injected orbits 9 with betatron wavelength, 2). given by
into the channel for the 30 cm diode-to-channel spacing , . 1/2

and 30 kA for the 20 cm diode-to-channel spacing. )Lb=27Trc 2 v, cos) , (9.

where tan a = vo/v. Typically, tan a - R/D< 1, where D
B. Basic theory of z-discharge transport is the diode-to-channel spacing. When Pli,0, Ab still pro-vides a good measure of the axial wavelength of radial

The transport channel is assumed to be a high-density oscillations for N= 1. A typical ion orbit for Po-,0 and
z-discharge in which n,.•nb. For modeling the experiments, N= I is shown in Fig. S.
the discharge current is distributed in a prescribed profile Ions with r* < r, will be transported and ions with
across the discharge radius. Once in the transport channel, r* > r, are lost to the wall within the first betatronlike os-
ions are confined radially by the magnetic field associated cillation. The aperture radius r, < r, placed at the entrance
with the z-discharge current. . ne charge and current of the of the channel defines the input spot size, and allows some
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3 FIG. 8. Sample orbit for an ion with P0.O and N= I.

radial distance for the ions to turn in the magnetic field diode-to-channel spacing (R/D-O.17) higher efficiency is
i without striking the channel wall. Thus, the ions confined expected with r7, falling within the range of about 0.9-1.0.

in the channel have r*<r, as defined by Eq. (8), and For typical Gamble II experimental parameters (R=5.1
r,<r,, as determined by the entrance aperture. The turning cm, ro=0.85 cm, r,=1.25 cm, D=30 cm, and V=1.3
point equation [Eq. (8)] can be reformulated to identify MV) and N= 1, Im'.-60 kA, while Fig. 9 shows that 45
the minimum discharge current required to confine all ions kA is sufficient to confine nearly all of the injected ions
that pass through the aperture: For N=3, 1Cm increases to about 80 kA, while Fig. 9 shous

vom.2(N+I ) (R + ro)2 that 45 kA still confines more than 95% of the injected

I Ic=4Ze[1- (r a/rc)vN+ I I --- (10) ions.I Thsre~t ~5 om~cN~lC. Nuclear diagnostic calculations
This result is obtained by setting r* = r, for an ion entering

the channel at the largest possible angle [tan at-(R Nuclear diagnostic calculations are performed for LiF
+r0 )/D] and at the largest possible radius (ro=ra). Note targets at the entrance aperture locations and at the output
that Icm decreases as the diode-to-channel spacing in- of the transport channel. Calculations for the entrance ap-

creases, because the ion injection angles decrease. With a erture locations use the output of the ion source model.
more hollow magnetic field profile (i.e., higher N), higher where particles that have ro<ra at the aperture location are
magnetic field is required at the outer edge of the discharge used to calculate a time-integrated yield for the 7Li diag-
to turn the ions and prevent them from striking the chan- nostic or a time-dependent yield for the 19F diagnostic.
nel wall. Thus, a larger Ic,, is required to confine the beam
for higher N. 1.0

Equation (10) was derived by considering the confine-

ment of ions with the maximum perpendicular energy. It
contains no information about the distribution of ions in 0.9
phase space. Thus, considerably less current may be re- N=1
quired to confine the majority of the injected ions. Figure 9
shows a plot of injection efficiency, 71, as a function of V0.8-

RID. The injection efficiency is the fraction of the beam W
ions that pass through the aperture (ro<ra) that are con- a N=2

-00.
fined and transported (r*<rc). Here RID is the ratio of the o 0.7

radius of the ion source to the source-to-channel spacing
and serves as a measure of the maximum perpendicular 0 N=3

velocity of the ion beam. The results in Fig. 9 were derived 0.-
using the experimental geometry, the diode model de-
scribed in Sec. III A, and the typical voltage and ion- 0.5
current waveforms illustrated in Fig. 3. Curves are shown 0.1 0.2
for the typical discharge current of 45 kA used in the 0.1 0rod.
experiments and for N= 1, 2, and 3 which show the effect R/D (red)
of different magnetic-field profiles on confinement. Higher FIG 9. Injetion effiinjection efficiency is obtained with smaller RID and lower FIG. 9.Ijcinefciency as a function of RID for magnezic-field prc'.
ijw files with N= I, N=2, and N=3. Efficiencies are for 1,=45 kA. r,= 1.2-
N. For a 20 cm diode-to-channel spacing (R/D-0.25), 71# cm. r.=C.85 cm, and a proton beam produced from the waveforms in Fig
falls within the range of about 0.65-0.9, while for a 30 cm 3 with 0,,=0.175 rad.
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using the energy-dependent yield curves. 20' 2 1 These results 7
are used to determine the microdivergence of the source
model (see Sec. IV A). 8

Calculations for transported beams use an analytic ap-
proximation of the ion orbits to transport the particles 6
rather than the explicit orbit code used for the shadowbox I
analysis (Sec. III D). Since the nuclear reaction yields only 4
depend on the ion energy and ion current on target, details -I

of the phase space distribution of the beam are not required 3
for this calculation. The diode source model again provides
the input particle distribution. For each particle injected -
into the transport section, Eq. (8) is solved to determine if I
the particle is trapped, i.e., r*<ro so that the injection
efficiency is calculated by determining what fraction of the
particles are confined by the magnetic field of the channel. 0
The trapped particles are propagated to the end of the 0 50 100 150 200 250

channel by using their average axial velocity to determine
the time-of-flight. 23 To calculate collisional slowing of the Time (ns)

ions in the channel gas, a total path length along the beta-
tronlike trajectory of the ions is calculated.so The input FIG. 10. Comparison of experimental (solid line) and calculated (dashed
energy of each inn is then corrected for collisional slowing line) 19F prompt-y signals for D=25 cm. The LiF target is located at the

along this total path length to yield the final energy at the end of the transport channel.

end of the channel. These transported particles are then
used to calculate a time-integrated yield for the 7Li diag- transport channel is to make the deuteron correction neg-
nostic or a time-dependent yield for the 19F diagnostic, ligible for the Cu activation measurement at the transport
using the energy-dependent yield curves. 20.21 channel exit, while it is perhaps 15% at the transport chan-

The energy-deperdent shape of the yield curve for the nel entrance. Thus, the measured transport efficiencies7Li reaction is taken from Leeper et al.21 Integrating the should be considered lower limits, because any deuteron7Li(p,y) cross section 26 over a thick target gives a nearly correction would decrease the activity at the entrance ap-
isotropic yield for activating a copper sample located in the erture, while not altering the activity at the transport chan-
forward hemisphere. Therefore the shape of the yield curve nel exit.
is insensitive to geometric differences between the detector Analysis of the nuclear reaction yield data concen-
in Fig. 5 and that used in Ref. 21. The natural abundance trates on the 7Li results. The uncertainty in the calculated
of deuterium in the beam induces 63Cu(n,2n) 62Cu activa- 7Li signal (neglecting the deuteron correction discussed
tion from the 7Li(d,n) reaction, leading to a 20% correc- above) is i5%, derived from uncertainties of :-3% in
tion factor for 1.2 MeV ion energies. 2

1 Integrating the measurements of the voltage and ion current and a statis-7Li(d,n) cross section27 over a thick target gives nearly tical variation of =-2% in the computation, based on the
isotropic neutron emission. Therefore, any deuteron cor- number of ions used in the simulation. Details of the anal-
rection is insensitive to the detector geometry, and a sim- ysis are presented along with the experimental results in
ilar deuteron correction should be expected for our detec- Sec. IV. The calculation for the 19F diagnostic is compli-
tor (Fig. 5). Nevertheless, this correction is not made in cated by the strong proton energy dependence of this re-
our experiments, for two reasons. First, the deuteron cor- action. However, the measurements confirm earlier analy-
rection in Ref. 21 is for deuterons with the same energy as sis of z-discharge transport of ion beams4 and demonstrate
the protons. That is not the case in our experiment. In by timing that there are no unexpected ion energy losses
passing through the Kimfol and the 25-35 cm of 2 Torr air during transport. Calculated and measured yields for the
separating the ion-source vacuum and the beam transport 19F diagnostic are compared in Fig. 10, for a target after
region 1.2 MeV protons lose 72 keV, while 1.2 MeV deu- the transport channel and a diode-to-channel spacing of 25
terons lose 150 keV.2 In propagating an additional 1.2 m cm. The agreement in timing between the calculation and
in the transport channel, the protons lose another 85 keV, the measurement is quite reasonable, which indicates the
while the deuterons lose another 300 keV. Thus the cor- corrected voltage measured in the experiment accurately
rection factor is less than 20% at the entrance aperture and represents the proton energy. The disparity in wave shapes
less than 5% at the transport channel exit, because the is due to small variations in the corrected voltage amplified
correction factor decreases with decreasing ion energy. by the strong energy dependence of the 19F reaction yield.
Second, deuterons are less effectively trapped by the trans- D. Shadowbox analysis
port channel than are protons. This is most clearly seen in
Eq. (10), where the current required to trap equivalent The shadowbox analysis uses a 3-D, nonrelativistic or-
energy deuterons is 1.4 times greater than that required for bit code to explicitly propagate computational particles
protons. The net effect of greater dE/dx energy loss for from the channel entrance to the shadowbox. The radial
deuterons and less effective trapping of deuterons by the distribution of the magnetic field in the channel is modeled
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3by Boo rA' with N= 1, 2, and 3. Particles that hit the chan- trance. The different diode-to-channel spacings used in the
nel wall (r*>r,) are r'emoved. from the system. Particles experiment vary the ion beam phase space, and hence this
that have r* < r, are propagated to the end of the channel, efficiency. The injection efficiency is measured by compar-
accounting for collisional energy losses in the channel gas25  ison of 7Li yields behind the entrance aperture to that at
by reducing the particle speed as it propagates. At the end the transport channel output.
of the transport channel, the particles that pass through The third efficiency is the energy transport efficiency.
the shadowbox pinholes are projected ballistically onto the
shadowbox witness plate. Statistics are improved by using This efficiency has two components; one is the efficiency

the assumed axisymmetry of the problem to rotate the par- with which initially trapped protons remain trapped, and

ticle distribution in the 0 direction and thus increase the the other is the efficiency with which the energy of the

number of particles projected onto the witness plate. The protons is retained during transport. Ions undergoing

calculations provide the geometric pattern of damage, and transport lose energy because of collisional slowing in the
can also provide intensity information. However, the wit- channel gas. These losses are minor in the present experi-
ness targets in the experiment only provide the pattern of ment. For 1.2 MeV protons in air, the stopping power is 33
the spots and no quantitative intensity information. Thus, keV/m/Torr, 2 5 so that the total energy loss in the channel
comparisons between the calculations and the measure- is 80 keV, or about 7%. Other energy losses from induced
ments are only based on the size of the damage spots. electric fields in the plasma9 1: are also small for these ex-
IV. EXPERIMENTAL RESULTS perimental conditions, but can be quite important in an

ICF system. The energy transport efficiency is also mea-

This section presents the results of the measurements sured by comparison of 7Li yields behind the entrance ap-
and the accompanying analysis. The experimental arrange- erture to that at the transport channel output. The distinc-
ment is described in Sec. II. The ion source and the trans- tion between injection losses and energy transport losses is
port channel are operated with nominally the same settings made on the basis of numerical analysis of the nuclear yield
for all shots. The firing of the ion beam is usually timed to
be at, or slightly before, the peak of the discharge current, measurements.
so the discharge current is 45 kA. Shots are taken with A. Aperture efficiency measurements
diode-to-channel spacings of 20, 25, and 30 cm. The
change in this spacing alters the phase space of the ions Measurements of the 7Li reaction yields at the three
presented to the entrance of the channel, and allows com- input distances are used to assess the fraction of the ion

panson of the experimental results and theoretical expec- beam that is delivered to the channel entrance at each

tations for a range of input conditions. In particular, the location. They are also used to determine the microdiver-

maxim am injection angle of ions into the channel decreases gcnce to be used in subsequent calculations. The measured
•s the spacing increases. Because of the uncertainty in the quantity is the initial activity of the copper disk activated
magnetic-field profile, the analysis models the magnetic by the 7Li(p,') r"ction. A calculated activity is obtained

field as varying as rv. The best fit to the data determines N. from the calculations described in Sec. III C. A similar
Three different efficiencies are considered in analyzing calculation is performed for shots where the entire proton

an ion transport system. The first efficiency is the aperture beam is intercepted by the LiF target (and are hence in-
efficiency, and is defined as the fraction of diode protons dependent of the microdivergence), to determine the scale
which pass through the transport channel aperture. The factor between the calculated and experimental nuclear re-
aperture efficienc) is measured by comparing the )ield
from the 7Li reaction at the various input locations behind action yields. The results of fitting the calculated 7Li yields

the r,=0.85 cm entrance aperture with the yield obtained to the experimental yields are shown in Fig. 11, for an

from full-target 7Li shots, where the entire ion beam is assumed microdivergence of 0.175 rad. For perfect agree-

deposited on the LiF. The aperture efficiency is expected to ment between the calculations and the measurements, the
be small for these experiments, due to the mismatch be- points would fall on the line. Several neglected aspects in
tween the large spot sizL .om the %%eak-focusing flat- the ion- source model can lead to such discrepancies be-
geometry diode and the small entrance aperture diameter. t%%een the calculations and the measurements, despite the
High aperture efficiency could be achieved with diodes small uncertainties in both. The electron-beam pinch can
with smaller microdivergence and by shaping the diode for be slightly off-center, and the ion source is known to ha~e
a tight focus at a specific location. The experimental diode some azimuthal asymmetry.' 6 Figure I I represents the de-
geometry was not chosen to optimize the aperture effi-
ciency, but rather to provide a number of different ion- gree to ghich these effects can be included in the ion source

beam conditions to test the ion transport physics without forel value of e aable i.
changing the ion source. for several values of (), are given in Table 1. Smaller mi-

The injection efficiency is the fraction of the proton crodivergences (e.g., 0.150 rad) give calculated activities

beam passing through the aperture (ro<vr) that is confined that are too large. especially for the 20 and 25 cm spacings.

and transported (r*<rc). It is determined by applying the Larger microdi~ergences (e.g., 0.2 rad) give activities that
Itchannel conditions expressed by Eq. (8) to the are too low. A microdivergence of 0.175 rad is used for all
phase space of the ion beam delivered to the channel en- of the following results.
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FIG. 11. Comparison of measured and calculated copper activities at the
transport channel entrance for e O.-175 rad. W4 400

B. Injection and energy transport efficiency 200 o
measurements

The 7Li activation data are used to determine the in-
jection and energy transport efficiencies following the anal- o 200 400 800 800

ysis procedure described in Sec. II C. The injection effi- Calculated Activity

ciency is determined by calculating the fraction of the
injected ion beam that is confined by the magnetic field.
The confined portion of the ion beam is then numerically FIG. 12. Comparison of measured and calculated copper activities at

propagated through the channel with classical slowing in transport channel exit, for O,=0. 175 rad, and (a) N=3 and (b) N=-1.

the channel gas, to calculate an activation yield at the end
of the channel. The profile of the magnetic field is varied to
obtain agreement between the calculated and measured ac- thus the calculated activity is insensitive to the details of
tivities for the various diode-to-channel spacings. the magnetic field distribution. For D=25 cm, both the

Calculations of the 7Li activation for magnetic field N= I and N=3 calculations are consistent with the mea-
profiles with N=3 and N= I are compared with the mea- surements. For D=20 cm, the N=3 calculation gives
sured activities in Fig. 12. The error bars on the measured much better agreement with the measurements.
activities are the size of the symbols, while the error bars To understand the effects of varying the magnetic field
on the calculations are shown. The numerical values of geometry and the diode-to-channel spacing, an accounting
these activities are listed in Table I1. For the D=30 cm of the ion energy is examined in detail. An energy account-
case, there is good agreement between the calculations and ing for D=30 cm is given in Table III. The total trans-
the measurements for both magnetic field geometries In ported energy for the N= 3 and N= I cases is not substan-
this case, the ion-beam distribution is well trapped, and tially different. Approximately 10% of the ion-beam

energy is lost to classical slowing in the channel gas, and

TABLE 1. The Li activation results for input shots where e, is the beam
microdi ergence. TABLE 11. The Li activation results for output shots where Ba rv.

Calculated activity Calculated Calculated
D Measured E),=0.175 0,=0.150 0,=0.200 D Measured activity activity

Shot No. (cm) activity rad rad rad Shot No. (cm) activity N=3 N= I

4846 30 404 372 525 304 4845 30 361 350 370
4849 30 497 421 550 317 4847 30 384 391 398
4841 25 568 591 779 443 4839 25 492 387 465
4842 25 525 563 769 431 4840 25 421 468 549
4843 20 768 891 1129 704 4824 20 562 603 768
4844 20 841 859 1083 657 4829 20 459 581 751
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STABLE !It. Energy accounting for D=30 cm ion tzansport calculations A quantitative analysis of the shadowbox results is oh-
where B ccrr tained by using the equation for the radial velocity as a

SEnergy loss Energy loss Total energy function of radius for trapped ions. The ion with the max-
to wall to gas translorted imum radial velocity at any radius has zero angular mo-

Shot No. N (%) (%) (%) mentum and an outer turning point of r, The radial veloc-4845 3 4.8 9.3 89 ity of this ion, u.m(r), defines the maximum radial angle,

4847 3 3.8 89 87.3 enix(r) =vm(r)/vo, and is given by
4845 1 03 9.6 91 1 2e )1/2 1 A,'+÷1]1/2
4847 1 0.5 9.2 90.3 emax(r) (A+I)J 1 K. (11!

I, This angle is calculated for N= 1, 2. and 3, and compared
with the experimental data, as shown in Fig. 14. The daza

less than 5% of the ion-beam energy is lost fn the channel points are derived from regions of intense damage on -he3 wall due to untrappsd ions. A similar analysis of the mea- shadowbox targets (Fig. 12), where material has been .b-
Ssurements for D=25 cm and D=20 cm indicates that the lated by the ion beam. Four data points each at r=0.5 cm
touta transported energy is decreased due to decreased in- and r= 1.0 cm are derived from the four individual damzage
jection efficiency, and not due to increased losses from clas- patterns at those radii. Corrections arc made for the fin:te
sical slowir.g in the channel gas. An energy accounting for size of the shadowbox pinhole. The discharge current is 45
D=20 cm is presented in Table IV, In this case, the por- kA for D=20 cm and 35 kA for D=30 cm. The k-uer
tion of the ion beam confined by the channel is less for channel current for the D=30 cm case (obtained b) in-
N= 3 and this improves the agreement with the experimen- jecting the ion beam during the rise of the channel currernt)
tal data (see Fig. 12). Again, the portion of the ion beam reduces the confinement propei ties of the channel, so that
that is confined and transported loses approximately 10% the channel confinement characteristicb dominate the sh.-d-
of its energy to classical slowing in the channel gas. owbox results, rather than the ion source charadteristics.

The experimental points for both D= 20 cm and D= 30 ,m
C. Shadowbox measurements fall between the N=2 and N=3 values. This analysis in-

e sdicates that the radial distribution of ions exiting the chan-The shadowbox diagnostic is used to sample the ion neismrcoitntwhahlow agtcfedpod,

trajectories after iransport, and compai'e them with the nel is more consistent with a hollow magnetic field proil!e,

expectations of the theory presented in Sec. II B Damage than a linear magnetic field profile.
A similar conclusion is obtained from the calcul"-ed

patterns from th,. shadowboxes are presented in Fig. 13 for shadowbox patterns. The calculated shadowbox patterns
the 20 and 30 cin diode-to-channel spacings. Also shown include the effects of angular momentum that are neglected
are the corresponding results of the shadowbox calcula- in the analysis in Fig. 14. The calculated patterns for N= 3
tions for N=3. Qualitatively. larger damage spots (i.e., in Fig. 13 are a better match to the experimental data than
ions exiting the chanrel at larger angles) are obtained for the patterns calculated for N= I. The effect of the lesssmaller diode-to-channel spaciig because ions are available effective confinement by the hollo\% magnetic field i -
to enter the channel at larger transverse angles as the chan- duced size of the damage patterns at all radii.
nel entrance is located closer to the ion source. Since the The agreement between the calculated and measured
confinement characteristics of the channel are fixed for
given values of r,, r,. and I,, the inject'on efficiency is shadowbox patterns supports the assumptions tnat the t ,n

expected to increase as the diode-to-channel spacing in- and channel plasma. In addition, the current mon:,r
creases. Simple geometric considerations of the ion source placed around the c urre n s ono cang
and the channel confinement characteristics predict nearly placed around the z-discharge channel shows no change

100% injection efficiency for D=25 and 30 ýýrm (see Fig. when the ion beam is injected. "hich indicates greater il:..in

9). However, the damage spot sizes should be limrited by 95% )urrent nutralization (limit of the monitor sensi:--

the channel confinement characteristics for D=20 cm. ity).

This is in qualitative agreement with the results shown in
I Fig. 13. V. DISCUSSION

The z-discharge plasma channel has the essential przp-
TABLE IV Energy accounting for D=20 cm mion transport calculattons erties required for a light-ion ICF transport scheme. The
%here B r' channel provides full charge and current neutralization of

the ion beam, and efficientlý transport,, the ion-beam pu:,eEnergy loss Energy loss Total energy In experiment. vith 1.2 McV protons, greater than 951- of
t1o wall to gaq translx~rted V

Shot No N t ) wl t g ra ,) the ion beam delivered to the chatnnel entrance is trans-
ported for a D= 30 cm diode-to-channel ,pacing. L.ess than

4824 3 .2 7 61 10% of the transported ion beam energy is lost to classical
4829 3 32 6 62
4824 1 12 9 79 stopping ii the channel gas. for a total energy transport
4829 I 12 8 80 efficiency of greater than 85%. These results are obtained

from 3-D. axisymmetric, time-dependent numerical analy-
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FIG. 13 Sh~do~box dimagc patterns for D=20 cm from (a) experiment id (b) calculation, and for D=30 cm from (c) expcnimcnt and (d)
calculation

sis of measured 'Li(p,y) nuclear reaction yields. Ion tra- cm are insensitive to thc structure of the magnetic field in
jectories after transport, sampled with a shadowb~x diag- the transport channel, as a consequence of strong .rapping
nostic, at consistent w~ith this analysis, adding confide! ce of the beam. For diode-to-channel spacings of D=20 and
to the analysis procedure. The results obtaine ' far D =30 25 cm, where trapping is not as strong, analysis of nuclear
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0.25 substantially larger than the experimental uncertainut,

none of these effects can account for the reduced totl

N-1 energy transport efficiency for the smaller diode-to-channel
0.20 N=2 spacings.

To extend these results to the level required for an ICF

-. 1 r N N-system23 requires significant scaling. The baseline ion ben
So.15 N= for ICF is a 30 MeV, 1 MA, singly ionized lithium be..'am,
,N in contrast to the 1.2 MeV, 30 kA proton beam used in :he

.present experiment. The lithium beam will be fully ioniz-d
before entering the channel, and thus have a 3 MA current.
The channel diameter required for an ICF system is ip-

0.05 proximately the same as in the present experiment, bL'. a
1olonger channel (2.5 m) and possibly larger discharge c..r-

rent (40-80 kA) are required. Only a modest increase :n

0.00 ., discharge current is required, despite the large increasz m
0.0 0.6 1.0 1.5 ion energy, because the microdivergence of the ion sou.Ze

r (cm) is reduced and the RID is reduced to about 0.1. The stzp-
ping power of the channel gas is reduced for 30 MeV li:h-

channel gas pressure to mitigate the MHD response of the

N=1 channel to the larger ion beam current.12 Suitable eis-
charge channels have been tested,19 but ICF level ion

.15 ¢N=2 sources and pulsed power) and still under developrnen:.

I3 " -In summary, a z-discharge plasma channel for '.2

N=3 MeV protons is operated with a transport efficienc. ap-

.0.10 proaching 100%. The ion beam is charge and current r.tu-

I al tralized in the channel. Analysis of ion trajectories iri-
cates that the beam is confined by a hollow magnetic.-t1d

0.05 profile. Once confined in the channel. the beam propagc:es
with classical slowing in the channel gas as the only en:r=."
loss.
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perimentally measured prompt-i yields and witness plate damage pat-
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1 Introduction

This report documents computer calculations carried out in support of re-
cent z-discharge channel transport experiments performed at NRL on the
GAMBLE 11 accelerator [1]. Although the results of this work are reported
in Ref. [1], this paper details the calculations more fully than they can be
covered in a journal article.

Section 2 of this report reviews the key features of the experimental con-
figurations used and the elements modeled by the simulations. The analytic
calculations used in the coding are discussed in Section 3, and Section 4
gives sample results and conclusions. Included as Appendices A-E is the
complete set of codes used in this work. The source codes contain a laige
number of comments and have a relatively simple structure.

2 Experimental Model

The experimental configuration is fully documented in Ref.[1] and the key el-
ements pertaining to the simulation model are reviewed here. Experimental
runs consisted of essentially 3 general hardware configurations, each of which
was used with 3 different diode to channel distances, F. The first configura-
tion, the shadowbox diagnostic, is illustrated in Fig. 1 in (R, Z) coordinates.
Highlighted are the anode and Kimfol planes of the diode, the channel en-
trance aperture and the location of the shadowbox hardware(witness plate
and plastic target). The second hardware configuration consisted of an aper-
ture at Z = F and LiP yield targets 8cm downstream of the aperture. No
channel hardware was present for these input shots. The last configuration
consists of the discharge channel, but instead of the shadowbox hardware,
the LiP yield targets are placed 8cm downstream of the channel exit. In
modeling the output yield shots, the L:F targets are assumed to be placed
directly at the channel exit. However, the input yield shots were time-of-
flight corrected for the extra aperture-to-target distance. In each hardware
configuration, F was varied between 20, 25, and 30cm.

The computational model for the z-discharge transport experiments treats
the ion diode as being fully decoupled from the iransport channel and shad-
owbox assembly. The diode model is described below and is used to provide
a full 3D phase space distribution of ions at the aperture/channel entrance.
In the case of the shadowbox targets(Fig. 1), this phase space distribution
is transported to the channel exit with a fully 3D non-relativistic orbit code
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Figure 1: Schematic in (R, Z) coordinates showing essential experimental
components.

(Appendix C). For input and output yield calculations, the ion phase space
distribution is projected through the channel using purely analytic tech-
niques to determine confinement, time of flight, average path length and
energy loss. All of these analytic calculations will be discussed in Section 3.

All shots exainined were divided in time by current and voltage into 20
bins of 4.Sns each. The start time of the first bin is adjusted so that the
average voltage in bin 1 is approximately 400kV. A predetermined number
of weighted ions axe distributed among the 20 bins according to the average
experimental ion current value in that bin. A random spread in voltage is
then determined by linear interpolation between neighboring bins.

The ions are then launched at randomly determined positions at the
Kimfol plane with a 1/r weighting out to the maximum Kimfol radius of
5.1cm. Ions are assumed to have been launched at the diode surface which
has a radius R = 6.0cm and are deflected toward the axis according to the
bending angle formula

Obo = 
(1
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where
LoeldZd

SC = 27rmiR' (2)

Zd is the ion charge state in the diode gap, Vd is the z-velocity of the ion
at the diode, Id ig the ion current at the time the ion is launched, and rmi
is the ion mass (protons are used throughout this work). SI units are used
throughout except where explicitly noted. The diode plane is parallel to the
(X,Y) plane and chosen to be at Z - 0.0cm and the Kimfol plane is at
Z = A, with A = 1.4cm throughout.

The option to model a pimple[31 at the Kimfol surface on axis to get
ions launched near the axis into the channel is also included. The model
holds for the smaller 2.7cm radius pinch reflex diode and was derived from
shadowbox analysis. The relation used is

Ob = ObO + Ore, (3)

where (06 is given by Eq. 1 and

OM = r- e6 p r2 (4)

The radius of the pimple is rm and is given to be 4mtn and 6, the pimple
height (i.e. distance out from the Kimfol plane), is time-dependent and was
modeled as

6= 60 t,(
60' 5

where 6o is 1mm and t is in nanoseconds. Runs were made with this pimple
model and with 6o = 2mm but no significant effects were observed. All data
presented here and in Ref.1] was calculated with no pimple on the Kimfol
(60 = 0).

Once the bending angle is determined, the microdivergence, 0., is ap-
plied to defocus the ion. Through careful analysis of 'full target' diagnostic
shots, 00 was determined to be ;-. 175milliradians. Previous shadowbox
analysis of 'backed' pinch reflex diodes yielded 0, - 125milliradians [4].

3 Analytic Calculations

Yield data for these experiments was simulated by using the beam phase
space at the channel entrance and determining ion confinement from the
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3 radial turning point equation (Rtp) Ref. [2]

2 2 r n+l rn+l 2,o _ ýý _Vo , o- Vcn i -+L (6)
r2 ,n~ 10 l

Here r. is the radial turning point in an azimuthal magnetic field of the form

B(r) ýý Bo (• r (7)

Swhere

where I. is the discharge channel current (typically 40-45kA for these exper-
iments) and rc is the discharge channel radius with rc = 1.2cm throughout.
Complete charge and current neutralization is assumed for all runs. The
'o' subscript on phase space variables signifies parameters evaluated at the
channel entrance. Equation (6) can be rearranged to give a polynomial of3 order 2n + 4

0 _2n+4

-vzorn+2_ t 2r+) 7_+3

2 (9)
vcnV~c

where
f porrcZe

(n + 1)27rm(,

For the n - 1 case, the roots of eq. (9) are easily determined and can be

written I.= (B ± (B2 - 4AC)1/2) 1/2 (11)

where A, B, and C are 2v zovc,

A - (12)
I ,0-c

1!7
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! 2  2vzovcl r02
B --- • + 2 (13)

V2 2

r, (14)

and r, is the channel radius. The (+) version of the linear (n = 1) B-field
Rtp equation gives the outer turning point of an individual orbit. Eq. (6)
is derived from the equations of conservation of energ&, axial momentum,
and angular momentum. Terms of the order V'2/2 are ignored in eq. (11)-
(14). After the confinement of a particular ion is determined, the average
z-velocity is then computed for the confined ion from

22 2

V2 r V'2 + V'(

M) V. 2r, 4v, 15

This is then used to determine a single ions time-of-flight to the channel
exit. To get the energy loss due to classical stopping in the channel gas, the
path length of an ion in the discharge channel is required and is computed
from

Rtt. = L +A S )

where L is the channel length (= 1.2m) and the ratio AS/Ap is given as

AS ,j (.2 + r2  2 ) (17)
Cq 2v 0 .:

The notation used in the last equation is consistent with Ref. [2]. Eqs.
(15)-(17) are used only in determining output yields.

To examine the effects of higher order B-fields in the discharge channel
for each n considered, a separate subroutine was written to isolate and
return the correct root of Eq. (9). A Laguerre root solver technique [6] was
employed, but convergence to the real roots of the polynomial was difficult
to achieve. Instead, a first order correction technique was employed in the
neighborhood of the correct root. By interpolating between two values of
r that caused the polynomial to change sign, a first guess to the correct
solution was obtained. Iterating until a reasonable degree of precision was
achieved gives the desired radial turning point.
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I

I
I

I Figure 2: Reproduction of actual target with calculated result (Shot 4810).

* 4 Sample Output

The model described in this paper provided reasonable agreement with ex-
perimental results and the codes described herein could be used as a start-
ing place for calculations on future experiments. We conclude this note
with some figures illustrating some sample output of the computer codes
described in the Appendices. Figure (2) compares a shadowbox calculation
with an actual target. Figure (3) is a 3D plot of a single (typical) ion tra-

jectory. This figure highlights the small number of betatron wavelengths an

ion can execute over the channel distance and the significance of angular
momentum. Figure (4) shows the results of a time dependent (Fluorine)

* calculation.

I
I
I
I
I -173
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Figure 3: Typical ion orbit path in 3D. The large circle at the Z = 0 plane
represents the Kimfol surface of the diode where the ion is launched and the
smaller circles denote the channel entrance and exit planes.

6

5

( 53

2

0 50 100 150 200 250 300

Time (ns)

Figure 4: Sample yield curve showing both experimental (solid) and calcu-
lated (dash) data. (Shot 4824)

174



I

I TN 91-07 9

3 A Diode Loadi,

This i& the first and most complex program in the SHD suite of codes. Its
primary function:. .o randomly fill the diode with properly focused ions. It
stores ions that get into the channel aperture in files DIODE. and CHANIN.
which represent the ion phase space distributions at the Kimfol plane and
channel entrance respectively. Additionally, this code performs the yield cal-
culations at either/both channel entrance and exit. Time-dependent (Fluo-
rine) yield calculations are stored in the file YIELD. and time-independent3 (Lithium) calculations are reported to the user via the terminal screen.

3 program SIIDLOAD
C

C The SHaDowbox suite of programs is a direct rip-off of the LMF
C suite. These programs are used to get witness plate pictures

C fnr less's transport experiments.
C
C This program gets all input variables used by the SHD programs.

C These programs include-
C

C SHDLOAD -- This program.
C SHDCHAN -- Take ions at channel entrance and move 'em

C to end of ciannel.
C SHDTARG -- Take ions at end of channel and project them
C onto the target.
C SHDPLOT -- Plot any of the dump files left behind by the

C above programs.
C
C SHDLOAD creates a randomly distributed 'plane' of test

C mono-energetic ions with microdivergence mu (in radians).

C The SHD diode is planar

C and produces a soft-focus beam of ions over the entire radius.
C A small 'scatter' or dispersion of the perfect focus is
C created by randomly defocusing each ion within the limits of
C the microdivergence.
C

C Program structure is:
1. Get user input.

C 2. Generate X,Y positions and VxVy velocities at diode.
C 3. Add microdivergence to velocity and write out 'diode.'
C 4. Project ibns from diode to channel entrace.
C 5. Write this out in 'chanin.' file.
C
C Varibles in LMFLOAD:

SC a,b,c,eg -- Random variables needed per ion.

I
I 175
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C radius -- user supplied outer diode radius for Uc calc.
C uradius -- user supplied outer diode radius for propogation.
C Tx,Vy -- Velocity arrays.

C X'Y - Position arrays.
C mu -- user supplied microdivergence.
C F -- User supplied diode to channel distance.
C Energy - User supplied ion energy.
C Vo - Ion velocity Energy = (1/2.m(Vo)**2
C jseed - Random number generator seed.

C nions -- User supplied number of ions.
C asize M- !ax number of ions (array sizes).
C nq -- number of removed electrons in ion.
C nmass -- ion %ass in numbe- of proton masses.
C Rc -- Charel radius.
C nilcin -- nwib'.r of ions los. at channel entrance.
C nilc -- nuzoer of ions lost in channel,
C nihtar -- number of ions that hit the target.
C nil,.tp -- numbe-" of ions lost using the Radial Turning
C poiut equation.
C Traaius - Radius of target.
C Tpos -- Target position.
C CLEN -- Channel length.

C aper -- Channel entrance aperature radius.
C currO - Net ion current.
C volt() -- corrected diode volLage.
C bend() -- bending angle library.

C DELTA -- " d~stance separating anode surface and the foil
C separating the diode vacuum region and the
C gas filled focusing region..."

C Pressure -- channel and focusing region background gas
C pressure in Torr.
I LiF-yield -- Logical to do activation calculations.

,: Zyield - Zposition of activation target (beginning or
C end of channel).
C Time() - Lime storage array.
C Tyield - Total yield f-r Li reaction.
C qm -- charge/mass for ion.

C mq -- m. --/charge for ion.
C
C

INTEGER asize. P=ass,nq, jseed, nilcin,niic,nihtar, 1. K.nions
INTEGER Lid, ionbin,bin,tot ion,bnum,M, icount,Zyieid,nilRtp
INTEGER iring,.Ii, No.Nu,pimple,Rtpnum.badroot
PARAMETER (asize--30,00)
!FZAL*4 a,b,R,radius,rscale,a2, ,y ,phiF,theta,c,d,Energy
PXAL.4 e,g,VxVy,Vrmu,Vnnu,"ymu,,Vo ,mu, time,.Vz, Rc,quad
REAL*4 cur:ent, clen, Rtarget. Tpos, aper, bend, volt, currpi2
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TtEAL*4 Wc,DELTAXcYc,Tvx,Tvy, Zcross, Ribend, totcur.pi

REAL*4 Yprime ,Zprine ,Xpriue , Ruiro ,Rtotal ,uxadius, alpha
REAL*4 xf ocus ,yf ocus .Pressure ,Voi ,HVnev ,KIKFOL ,IIV elair
REAL*4 kVpMpT,yield,ylif MHVold, iyield,Rstar ,Vf ,Vthetao ,Vro
REAL*4 Rstarl,VzAvg, Ro. Vc,ring,Vxc, Vyc, VcTotal, VcAyg,AvgRo
REAL*4 IvgVth,AvgVrTlyield.TIHED,HVi.dt, voltb,vob.dslb,uq

R±:AL*4 Zavg,pradiua,ptheta,T2yield,Ra,ThendO,delOIc,q,qm
REAL*4 Ew,EoEi,Etin,Etout,Etwafl,volto,volti,voltv,massIREAL*4 percent~hold,ylb,y2b,bigQ, Qratio ,Qrq
CHARACTER* 100 info
CHARACTER*4 shot
CHARACTER*2 ans

LOGICAL LiF..yield
DIMENSION x~asize) ,y(asize) ,bnuin(asize) .Vo(20) ,Voi(asize)

DIMENSION VL.(asize) ,Vy(asize) ,volt (21)., currC21) ,bend (20)
DIMENSION Wcasize) .Ycasize), ionbin(20), icount(20)
DIMENSION timc fasize), iyield~asize) ,ring(21) , iring(20)

DIMENSION Vxc(asize) ,Vyc(asize) ,AvgRo (20) , AvgVth(20) ,AvgVr(20)
DIMENSION Ew(20) ,EoC(20) EiC(20) , volto (20), voltiC(20) ,voltv(20)

C DIMENSION Ni(20) ,No (20) , NvC20) ,percent (20) ,ylbC2O) ,y2b(20)

C Get input from user.

pimple = 0
LiF-yield = .false.

WRITEC6,*)' SHDLOAD -

WRITEC6,*)'I Enter shot number (4 char.)
READ(5, '(A) ')shot

10 WRITECG,*)'I Enter number of ions to emitI ~READ(5 ,*)nions
WRITE.(6,*) I Enter random number between 500 &999
READ(S,*)jseed
IIRITE(6,*) ' Enter microdivergence (radians)IEDS*m
IJRITE('6.*)' Do you want activation calculation (yin)?
READ(S,' (A) ')ans
IF (Cn(:)e.Y)o.as11.q'')THEN

WRIE(6*)'Enter activation target position (1 or 2)

WRIEA(6,*)Zie(or 3 for both, with no yield file.)'

LiFyied=true.
IF((Zyield.eq.3) .or. CZyield.eq.2)) THEN
WRITE(6,*)' Enter '.:norm Rtp eq., 2:.quad Rtp eq., 3-cubic'

READ(S, *)Rpu

ENDIF
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ENDIF

WRITE(6,*)' Enter some run info (1 line)

MAD(S, '(A) ')info
WRITE(6,*)' Enter O:no pimple. 1:normal. 2:double size pimple

READ(5 ,*)pimple

K=I
bnum(1) = 1
pi = 3.14S9265

pi2 = 3.1459265*0.5

nid = 0 # ions launched at diode.

nilcin=O S ions lost 4 chan. entrance.

Pressure = 2.0 2 Torr for all of Jess's experiments.

IF (pimple.eq.1) delO = 1.e-3 ! bending angle correction const. for

IF (pimple.eq.2) delO = 2.e-3 !

IF (pimple.eq.0) delO = 0.0

RM = 4.e-3 ! pimple.

radius = 6.Oe-2 ! radius of anode (m)

uradius = 5.1e-2 radius of kimfol (M)

DELTA = 1.4e-2 dist. between anode & kimfol (m)

nq = ion charge state

nmass = i of nucleons of ion

Bc = 1.27e-2 channel radius (m)

aper = 0.85e-2 aperature radius (m)

Clen = 1.2 channel length (m)

q = 1.6022e-19*FLOAT(nq)

Mss = 1.6726e-27*FLOAT (nmass)

mq = mass/q

qm = q/mass

C
C Fill volt(),cu.z(o,bendO arrays.
C

DO 72 T=1,20

Ei(C) = 0.0

volti(l) = 0.0

Ni(I) 0

Eo(I) 0.0

volto(I) = 0.0

NoMI) = 0

Ea(1) = 0.0
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voltw(I) = 0.0IKU =I =0
72 4CONTINUE

3 totcur = 0.0

3 INCLUDE 'shotinfo.fOr' !tables of shot data

Qratio big(Q/FLOLTGniofls)
Qrq = Qratio/q

DO 2 1=1.20
MH20-I+l
volt (H+1)=volt (i)
currCH+1)=cu~rCM)

2 CONTINUE
volt(1) = volt(2)-SO.e

33 cuxrr~)= currC2)12.

Do 3 bin=2,21
totcur = c=r(bin) + totcur3 3 CONTINUE

DO 4 bin=1,20
ionbin(bifl) = INTC(curr(bif~l+)/totcuIr) *nions)

4 CONTINUE

S CONTINUE

U totion = 0

DO 6 bin=1.20
totioni =totion + ionbixi(bin)

6 CONTINUE

3 WRI.TE(6,*)' total ions -',totionll.iofls in 21' .ionbinC20)

I=22
IF (totion.lt.niofls) THEN

38 continueI 1=I-1
IF (volt(I).eq.0.) COTO 38

jonbin(I-l) =ionbin(I-1) + 1
GOTO 5

ENDIF

C
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C Fill ring() lor diagnostics.

C
DO 37 I= 1, 21

37 riixg(I) -FLOATCI-1)0.1*Rc

C
C Begin LOOP over ions.

C
Do So buil=,2O

Do 120 M=1,ionbin(bifl)

100 CONTIMU

a'-ran(jseed)

b~ran(jseed)sclovrddeegn

pradius~a*lffadius 
saeovrddeeio

ptheta-b*2 .0*pi

nid = nid+1
K=K+1
IF (K.ge.asize) STOP 666

X(K) -pradius*COS(ptheta)
y (K) -pradi-Us*SIN (ptheta)

IF ((X(K).ge. 0.0) .axd.(,(K) .ge. 0.0)) THEN

ENDIF
IF ((X(IO.lt. O.O).and.(Y(K).ge. 0.0)) THEN

c =0.35

ENDIF
IF ((X(K).lt. O.O).aud.(Y(K).lt. 0.0)) THEN

c= 0.65
ENDIF

IF ((X(K).ge. 0.0).axid.(Y(K).lt. 0.0)) THEN

c ..0.85
ENDIF
bnusnCK) = bin

C
C Get a randomly selected voltafý between bins and do

C KIMFOL correction.
C
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3 a--ranejseed)
dt = a*4.Se 9

voltb=(volt(blfl+1) -volt (bin)) *dt/4. Se-9 + volt (bin)

Vob =SQRT(2.0*voltb*qm)I MV = .Oe-6*voltb
HVold=MV
HVnev -KINFOL(MV)

IF (H~nev. ge . Vold) THENI ~WRITEC6,*), Hey!! KIJU'OL error!'
STOP 687

ENDIF
IF (Wjnev.1e. 0.0) THEN

c MVnew 0.0

c URITE(6,*)' Ion',K,'dead at KIMFOL'

Xc(K)=13. 13Iicnnli~
K=K-1
GOTO 120

ENDIF

voltb~l.e6MVflew
VoiCK= SQRT(2.0*voltb*qm)

C
C End of KINFOL correction.3C

tize(K) =FLOATCBINK1)*4.SE-9 + dt

IC
C Now do velocity space and microdivergence

I rscale =SQRT(X(K)*X(K) + Y(K)*Y(K))

IF (volt(bin+1) .eq. 0.) THEN

Thend =0.0

ELSE
Ic = (curr(bin+1)-curr~bifl))*dt/

4 .Se-9 + cuxrrbin)

Wc-2.Oe-7*qu~lc/radiusI Thend =Wc*DELTA/Vob
Thend0 delO*tiue (K) *rscale/ (60. e-9*TRm*Rm)

Tbend0 Tbend0*EXP&0. S~rscale*rscale/ (Rm*Rin))

Thend Thend - ThendO

cccc Thend =Tbend*1.15 ! Enhanced bending.

3 ~iyield(K)=Thbfld ! diagnostic use only.
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Zcross~rscale*TAIHCpi2-Tbend)
Ri v-SQFLT~rscale**

2. + Zcrosss*2.)

Rmjcro=RiSTMI (au)

102 d -ran(j seed)
e = ran~jseed)
Xprime '=Rmicro * d

Ypriale -Rmicro * e
quad -ran(j seed)

rscale=SQRT(Xprime**
2 . + Yprime**2.)

IF Crscale.gt.Rm~icro) GOTO 102

IF (quad.lt. 0.25) THEN

Xprime'-Xprize
Yprime=Yprimfe

ELSEIF (quad.1t. 0.50) THEN

Xprime=-Xpr im

Yprimie'=Yprime
EL.SEIF Cquad.lt. 0.7S) THEN

Xprime=-Xprime
Yprixne=Yprimle

ELSE
Xprime=Xprime
Yprime=-Yprimfe

ENDIF

Zprime = Zcross + Yprime*COS(pi2-Thefld)

Ypziine=Ypr~ineCCS(Tbefld) ! put Yprime in correct coor. system

C
C Woe by prthogonal transformation, get 'focus' plane aligned

C vith diode plane.

C
xfocus = Xprime*COS(alpha) - Yprine*SIN(alpha)

yfocus = Xprime*SIN(alpha) + Yprime.COS~alpha)

Xprime = xf ocus
Yprime = yfocus

Rtotal = SQRT( (X(K)4Xprime)-*
2 . + (Y(K)+Yprixe)**

2. +

CZprime)**
2 . )

Tvy=ACOS C ABS (Y (K) +Yprime) /Rtotal )

Tvx=ACOS( ABS(X(K)+Xprime) fRtotal )

xfocus =X(K)+Xprime

yfocus = Y(K)+Yprime
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IF (Crfocus.ge. 0.0).and.(yfocus.ge. 0.0)) THEN
Vx(K)--Voi(K)*COS(Tvx)
Vy(K) =-Voi(K) *COS(Tvy)I ENDIF

IF ((xfocus.lt. 0.0).and.(yfocus.ge. 0.0)) THEN

Vx(X)=~VoiCK)*COS(Tvx)3NI Vy(K)--VoiCK) *COS (Tvy)

IF ((xfocus.lt. 0.0).AND.(yfocus.1t, 0.0)) THEN
Vx(K)=VoiCK) *COS(Tvx)

ENDIF Vy(K)=Voi(K)*COS(Tvy)

IF ((xfocus.ge. 0.0).AND.(yfocus.lt. 0.0)) THEN
Vx(K)=-Voi(K) *COS(Tvx)I Vj(K)=Voi(K)*COS(Tvy)

ENDIF

C
C Hove ions to channel entrance.
C

IF ( CVx(K)**2.+Vy(K)**2.) .gt. Voi(K)**2. ) THEN
WRITEC6,.)' X(K),YCK) -',XOO),Y(K)IWRITEC6,s)' xfocus~yfocus. =1xousyou
WRITE(6,.)' Xprime,Yprime =',Xprime,Yprime
WRITEV,W) bin, K, c=',bin,K,c
WRITE(,),*)'I Tv-x, Tvy '=',Tvx,Tvy
WRITE(6,*)' Vo,Vx,Vy=' ,VoiCK) .Vx(K) ,Vy(K)

ENDIF

IVz =SQRT(Voi(K)**2. - Vx(K)*Vx(K) - VyCIO*Vy(K)
IF (Vz.le . 1.0) THEN

Xc(K)=13. 13Iicnnli~
GOTO 120

ENDIF
timeD = (F-DELTA)/Vz
Xc(K)= XCK)4Vx(X)*timefl

YcCK)= Y(K)+Vy(K)*timeD3 TIMECK)=TIME(K)+TIKED

C Figure out hov many ions are lost. If XCY) 13.13, no ion.
C

rscaJle = SQRT( Xc(K)**2. + Yc(K)**2.)
IF (rscale.gt.aper) THEN

Xc(00=13.13
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GOTO 120
ENDIF

C
C Since ilon has made it to channel (and inside aperature)
C attenuate its velocity in air at pressure to find VoiW.
C This velocity will. be used for channel work.
C

Rtotal = SQRT( (X(K)-Xc(K))**2. + (Y(K)-Yc(K))**2. +

(F-DELTA)**2.)

MV = l.e-6*voltb

MVold = MV
kVpMpT =ELAIR(W)
M~ew = 1.e-Esvoltb - Rtotal *Pressure *kVphpT* 1. e-3

IF (Hnem.ge.MWold) THEN

IiRITEC6,*)' Hey!!! ELAIR error!'
STOP 551

ENDIF

IF (Hnev.le. 0.0) THEN

WRITE(6,*)' ion',k,' out of energy.,

X(K)=13. 13
K=K-1

GOTO 120

ENDIF

VoiCK) = SQRT( 2.0*MVnevsl.e6*qm)

IF (VoiCK) Alt. 100.0 ) THEN
WRITE(6,*)' Voi,K ='.Voi(K),K
STOP, 124

ENDIF

Ei(bin)='Ei~bin) + Qrq* . S*mass*Voi (K) *Voi(K)
volti(bin) -volti(bin) + NVneua*1.e6 !for energy check.
Ni(bin) -Ni~bin) 4 1

IF ((xf.'cus.ge. 0.0).and.(yiocus.ge. 0.0)i THEN
Vxc(K)=-Voi(K) 'COS(Tvx)
Vyc(K)=-Voi (K) *COS(Tvy)

ENDIF
IF ((xfocus-lt. 0.0).and.(yfocus.ge. 0.0)) THEN

Vxc(K)=Voi(K) *COS(Tvx)

Vyc(K)=-Voi(K) *COSCTvy)

ENDIF

IF ((xfocus.lt. O.O).AND.(yfocus.lt. 0.0)) THEN

Vxc(K)=Voi(K) *COSCTvx)
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EDFVYc(K)=Voi(K).COSCTvýj

IF (Cxfocus.ge. 0.0).AND.(yfocus.lt. 0.0)) THEN
Vxc(K)"--Voi(K) *C3O(Tvr)

ENDIF Vyc(K)-VoiCK) *COS(Tvy)

3120 CONTINUE 'End of ion loop.

121 CONTINUE

350 CONTINUE 'End of BIN loop.

IF (K.gt.asize) STOP 1233 nions =K-1

Vxc (1)=FLOAT(nione)
Vyc~i)=FLOAT(nions)
Voj~l)=FLOAT(nionxs)

VxC 1)=FLOAT(nions)
VyC 1)=FLOAT(nions)
x(l)=FLOAT(nions)

1~)=FLOAT~nions)
xc (1) FLOAT (nions)
yc(1)=FLOAT(nions)3 timeC1)=FLOAT(rions)

VRITE(6,*)' Writing out Diode file.'
URITE(6,s)' 2 of ions generated at diode 'I,nid3 WRITE(6,*)' 4 of ions in channel = ,rions

C Write out diode. file.
CI IF (Zyield.ne. 3) THEN

OPENi (,FI.E-.'diode. ',foiaw 'unf-:rmatted' ,access= 'sequential'1,
STATUS='NEW')

WRITE(1)nionsF~uradius,Rc,currentClen,Rtarget,Tpos,Energy,

*ninass,nq,nilcin~nilc,nihtar,info
DO 368 I=1,20

368 IlRITEC1)voltCI) ,cuxx-(I) ,ionbin~l) ,bend(I) ,Vo(I)
DO 304 I1=1nions+1

iyield CI)
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CLGSEC1)

C
C Write out chanin. file.

OPEN( IFILE='chanin.' ,form='unformatted' ,access='sequential'.

• STATUS-'NEW')
WRITE(1)iiions ,F,uradius, Rc ,current ,Clen,Rtarget ,Tpos ,Energy,

nmassnq,nilcin,nilc,uihtar,info
DO 367 I=1.20

367 WRITE(I)volt(I) ,curr(I) ,ionbin(I) ,bend(I) ,Vo(I)

DO 305 I=1,nions+1
305 WRITE(l)Xc(I).Yc(I),Vxc(I),Vyc(I),bnum(I),Voi(I),time(1),

iyield(I)
CLOSE(1)
ENDIF

WRITE(6,*)' # ions lost at chan. entrace = ',nilci•i

C

C Check efficiency per bin.

C
DO 5001 I=2,nions+l

icount(bnum(I)) = icount(bnum(I)) + 1

5001 CONTINUE
WRITEC(6,)' -- bin, emmitted, captured, percent'

DO 5002 I=1,20
IF (ionbin(I).eq.O) THEN
WRITE(6,*)' ',Iionbin(I) ,icount(I),' na'

ELSE
WRITE(6,.)' ',Iionbin(I) ,icount(I) ,FLOAT(icount(I))/

FLOAT(ionbin(I))
ENDIF

S002 CONTINUE
C
C ACTIVATION section.
C
C Zyield = I means that activation target is at channel entrance.

C Zyicld = 2 means that activation target is at channel exit.

C Zyield = 3 means that activation target is at both locations.

C
C For targets at end of channel, the following calculations are

C performed:
C -- Radial turning point: To see if ion is confined in

C channel.

C -- Energy loss in air: Using same routine for diode to

C channel propogation above.
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C -- Yield for either LiF or F. The Li reaction isIC time integrated. so no yield file is written out.
C .. The F reaction is time-dependent and so the yield
C per particle is saved.I C -- verage Vz: To determine time of flight infonation.

DO 5999 I=1,20

VO(I= 0.0
AvgVthCI)=0.0
AvgVr(I)=O.0
AvgRo(I)= .0

5999 CONTINUE

nilRtp 0 'set counter.I badroot =0

IF CLiF..yield) THEN

WRITE((6,*)' Starting activation calculations.'

DO 6001 I=2,nions~l
IF CCc(I.ne. 13.13).and.(Xc(I).ne. 13.14)) THEN

IF ((Zyield.eq.2) .or. (Zyield.eq.3)) THEN
IF CRtpnum.eq.1) THEN

CALL Rtp(currentVxc(I) ,Vyc(I) ,Voi(I) ,Rc,Xc(I).

ENDIF Yc(I) ,Rstar,Vthetao,Vro,Rstarl,Ro,Vc)

IF (Rtpnum.eq.2) THEN
CALL Rtp2Ccurrent,VxcCI) ,Vyc(I) ,Voi(I) ,Rc,XcCI),

Yc(I) ,Rstar,Vthetao,Vro,Rstarl ,Ro,Vc)

IF ((Rstarl.lt. Ro).or.(Rstarl.eq. 13.13)) THEN3 badroot =badroot +1
GOTO 6001

ENDIF
ENDIFI IF (Rtpaum.eq.3) THEN

CALL Rtp3(current,Vxc(I) ,VycCI) .Voi(I) ,Rc,XcCI),
Yc(I) ,lstar,Vthetao ,Vro,Rstarl ,Ro,Vc)

I IF (CRstarl.1t. Ro).or.(Rstarl.eq. 13.13)) THEN
badroot = badroot +1
GOTO 6001

ENDVf

ENDIF

DO 6040 K=1.20
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IF (CRstarl.ge.ringCK)).and.
(Rstarl.lt.ringCK+1))) THEN

iring(K)=iri~ng(K)+1
VOW - VOWK + VOW()
AvgVth(K) AvgVth(K) + Vthetao
AvgVr(K) =AvgVrCK) + Vro
AvgRo(K) =AvgRo(K) + Ro
GOTO 6041

ENDIF
6040 CONTINUE
6041 CONTINUE

c WRITE(6.*)' I.R~star.Rstarl=' ,I,Rstar.Rttar1

IF (Rstrl.le.Rc) THEN

MV = l.e-6*O.5*mq*Voi(I)*VoiCI)
mvipHV
hold = ylif(MV)
hold = hold*Qratio
IF (hold.1t.0.0) hold=0.0
tlyield~t yield+hold
ylb(bnum(I)) = ylb~bnum(I)) + hold
dslb = ( O.S*Vc/Voj(I) )*( Ro*Ro/(Rc*Rc) +

(Vro*Vro+Vthetao*Vthetao) /(2 .0*Voi(j)*Vc))
Rtotal -Clen*(l.O+dslb)
IF CRtotal.lt. CLEN) STOP 333
kVp~pT ELAIR(NVi)
MVneu

I .e-6*0.Ssmq*VoiCI)*Voi(I)
-Rtotal*Pressure*kVpMpT* .e-3

IF (HVnev.ge.HV) THEN
WRITE(6..)' Hey!! ELAIR error!'
STOP 552

ENDIF
IF (MVnew.le. 0.0) Mlew 0.0
Vf =SQRT( 2.0*HVnev*1.e6*qa
IF (Zyield.ne.3) THEN

iyield(I)=yiekla(Vnew) .Qratio
IF (iy~eld(l).lt. 0.0) iyield(I) -~0.0

ENDIF
hold = ylil (hVnew)
hold = hold*Qratio
IF (hold.1t. 0.0) hold =0.0
t2yield~t2yield+hold
y2b(brium(I)) = y2b(bnum(I)) + hold
VzAvg = VOW()

*- - ((Voi(I)**4.-Vf**4.)/(8.*'Joj(I)**4.)))
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*10- Vc*Ro*Ro/(2.*Voi(I)*Rc*Rc)I C(Vro**2.+Vthetao**2.)/(4.*Voi(I)**2.))
IF ((VzAvg.lt. 0.0).or.(Vzkvg.gt. 3.0eS)) STOP 623
Time (I) Clen/Vzkvg + Time (I)
Voi(I) Vf3 IF (Zyield.eq.;S) THEN

Eo~bnum(I))-Eo~bnum(I))
+Qrq*0.~asVi()VilI ENDIF

VcTotal -VcTotal + Vc
No(btum(I)) = No(bnum(I)) + 1
volto(brium(I)) = volto~brnun(I)) + IIVnew*1.e6

ELSE
MV = .e-6*0.5*mq*VoiCI)*Voi(I)
hold = ylif (MV)

bold1 = hold*Qratio
IF (hold.1t.0.0) holdO0.O
t lyield~tlyield+holdI ylb(bnum(I)) = ylb~bnum(I)) + hold
Nv(bnum(I)) =Nu(bnumCE,) + 1
voltv(bnum(I)) = voltu(bnuin(I)) +

0 .5*mq*Voi(I) .VoiCI)

Ebn(I)Ebu(I)Qrq*0 S*mass*Voi(I) sVoi (I)

ni-Rtp = nilRtp -1
XcCI)=13. 14

Yc (I)=F+Clen-DELTA
ENDIF

3 ENDIF

IF (Zyield.eq.1) THEN
MV = 1.e-6*0.S*mq*VoiCI)*Voi(I)

NVi= XV
C
C Propagate ions over the 8cm distance to the yield target.

IV =a SQRTCVoi(I)**2. - Vz(")*Vx(I) - Vy(I)*Vy(I)

GOTO 1208
ENDIF
timeD =0.08/Vz

Xprime= XcCI)+Vxc(I)*timeD
Yprime= YcCI)+Vyc(l)stixneDI ~TIME(I) =TfIME(I)+TIMED
Rtotal. = SQRT( CXc(I)-Xprime)**2.
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+ (yc(I)-Yprime)**
2. + (0.08)t*2.)

kVpMpT =ELAIR(MVi)

- MVnev
1 .e-6*O .S*xq*Voi(I)*Voi(I)

-Rtotal*Pr~.ssure*kVp~IpT*l 
.e-3

IF (MVuev.ge.NV) THEM

VRITE(6.*)' Hey!!! ELAIR error!'

STOP 552

ENDIF
IF (MVixew.le. 0.0) !Iftew = 0.0

Vf = SQRT( 2.*M.Vn1eg*l.e6*qm)
MV = Vnev

iyield(I)=yieldCHV) *Qratio

IF (iyield(I).lt. 0.0) iyield(I)=
0.O

hold =hold*Qratio
IF (hold-lt. 0.0) holdO0.0
tlyield--t yield+hold

ylb~bnum(I)) = ylb~bnuin(I)) + hold

1208 CONTINUE
ENDIF

ENDIF
6001 CONTINUE

C
C Write out YIELD. file.

C
IF (Zyield.fle.3) THEN

OPEN(1,FILE='yield. ',form='unformatted' ,access~'sequefltial'.

STATUS=", KEW 1)

* nmass,nq~nilcinf,flilc,nihtar~info
DO 381 1=1.20

381 WRITE(l)vo1-t(I) ,curr(I) ,ionbin(I) ,bend(I) ,Vo(I)

DO 382 I=1,ni~ois+l

382 WRITEC1)Xc(I) ,Yc(I) ,Vx(l) ,Vy(I) ,bnumn(I) ,Voi(I) ,tiue~l) ,iyield(1)

CLOSE Cl)
ENDIF

IF Czyield.eq.2) THEN

WRITrE(6 , s) ION TURNING POINT RANGES'

DO 6045 1=1,20
IF (iring(I).gt. 0) THEN

AvgVr(I)"AvgVrCI) firing(I)

AvgRoCI)=AvgRoCI) /iring(I)

ENDIF
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WRITE(6,6046) 'ring'. I, I has',iring(I),' ions of Radius

,ring(I),' to '.ring(I+1),' Avg Vo=',Vo(I)
6045 .CONTINUE

6046 FORHAT(lX,A,13,lpA,I4,A,G9.2el,A,G9.2elA.GIO.2E2)
DO 6055 1-1.20

IIRITE(6,6056) 'ring' ,I,' Avg Y'theta- ,AvgVth(I),
IAvg Vr'-',AvgVr(I).' Avg Ro=',AvgRo(I)

6055 CONTINUE

6056 FORIIAT(lX,A,13,lp,A.GIO.2e2,A.G1O.2E2,A,GIO.2E2)

VcAvg =VcTotaJ./FLOAT~nions-nilRtp)
WRITE(6,*.)' Average Vc f or confined ions = ',VcAvg

ENDIF

WRITE(6,*)' S ions lost in chan. (radial tp eq.) = ',nilRtp

VRITE(6,s)' total yield for Li reaction (back )',~t2yield

3 H~RITE(6W) total yield for Li reaction (front)=2,tlyield

IJRITE(6,*)' time resolved data for F reaction in "YIELD."'

DO 887 M=1.20

C IF (No(M).gt. 0) THEN
C Eo(bin)0 .5*mass*VoiCK)*Voi (K)
c Eo(H) =cuxrCH)*voltoGO)*4.Se-9
c EoMI = currCO*voltoCN)*4.Se-9/(No(M)*NoCH))

c ELSE
c Eo(m) =0.0
c ENDIF
c IF (Nv(M).gt. 0) THENIc Ev(H- curr(M)*voltv(M)*4.Se-9/(Na(M)*Nv(M))
c Ew(M) -curr(M)*voltw(M)*4.5e-9
c ELSE
c EWCH) 0.0

c ENDIF

Etin =Etin + Ei(M)
Etout = Etout + Eo(M
Etuall = Etuall + EwCH)

IF (Ei(H) .gt. 0.0) percent (M)(Ei(M)-Eo W-Ew(W))/Ei(M)

WRITE(6,7112)M,Ei(M) ,Eo (M) ,EwC WpercentO1W , ylb (M) y2b (M)
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887 CONTINUE

7112 FOR.(AT(1XI2, 1X,1p,6(G11.2e2,IX))

WRITE(6,*)' I ions lost at chan. entrace ',nilcin
VRITE(6,*)' 2 of ions in channel ' ,nions
WRITE(6,)P 8 ions lost in chan. (radial tp eq.) = ',nilRtp
WIRITE(6,e)' total yield for Li reaction (back )='.t2yield
WRITE(6,*)' total yield for Li reaction (front)=',tlyield
WRITE(6.) ' pimple delta = ',delO.pimple
WRITE(6,) ' Energy in chan = ',Etin
Write(6,*)' Energy out chan = ',Etout
Write(6,*)' Energy to chan walls = ',Etwall

ENDIF

WRITE(6,*)' bad root count =',badroot
C
C All done.
C

END

B Activation, Energy Loss, and RTP Subrou-
tines

This appendix lists the subroutines required by SHDLOAD and SHDCHAN. In-
cluded are FUNCTION calls for calculating prompt-7 yields from the Li(p, -Y)
reaction (YLIF) and the F(p, a-) reaction (YIELD), and energy loss due to
classical dE/dx stopping in the Kimfol (KIMFOL) and air (ELAIR). Subrou-
tines for calculating outer radial turning points for 1;near (RTP), quadratic
(RTP2), and cubic (RTP3) B-field profiles are also included. The KIMFOL,
ELAIR, YLIF, and YIELD routines are taken from VAX-ANALYSIS [5].

ccccccccccccCcccccccccccccccccccccccccccccccccccccccccccccccccccc
C
C Function KINFOL - calculates energy loss in KIKFOL.
C
C This was lifted from VAX-ANALYSIS routine 'LIF'.
C
C To be used in SHDLOAD for KIMFOL loss at diode.
C eO is in MV and is returned as the NEW corrected MegaVoltage.
C
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REAL*4 FUNCTION KIMFOL(eO)

C
C

INTEGER 3

REAL*4 eO ,akiur,etexp,eloss

DIMIENSION dkifl(2,6)

U DATA akim / -3.0, -2.44, 5.0, 2.22. 506.0, 1045.0,
226.0. 464.0, -9.57. -14.46, 2.04. 6.39/

etemp = eQ

IF (etemp .GT. 1.0 ) J3=2

eteuip = etempsakim(J.2)+akimC3.1)I eloss = akin(J,3) + akin(3,4)*etemp + akim~j,S)Cetemp*etemp +

akin(J .6) *etemp*etemp*etemp

eQ eloss*0.O0l

IF (eO.le. 0.0) eO=0.0

KIMFOL = eQ

RETURN3 END
CCCCCCCCCCCCCCCCC ceCCCCCCCC CCCCCCCCCCCC CCCCCCCCCCCCC CCCCCCCCCCCCC C

C
C

real*4 function elair(e)

*energy loss in kev/=/torr in air, from Andersen and Zeigl~er,

*With 80% N2 and 20% 02. e ivi MeV

real*4 e,sl,sh,sn,so,etemp,ietemp
etemp = 1.0E3*e

ietemp =1.0/etemp

si 3.35*(eteamp**0.45)
sh -(1683.*ietemp)*alog(1 .0+(1900.0*ietemp)O0.02513*etemp)

sn - 7.07*(sl*sh)/(31lsh)
si 3.0s(etemp**0.4

5)

ear= 0.8*sii + 0.2*s0I return
end

I real*4 function yield(e)
c
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real*4 pge

dimension pg(2,11)

data pg / 0., 0., 31.2, 143.6, -1318., 2490., -524., 1330.,

> -81217., 95160., -6637., 10890., -93560.. 76000.,

> -13200., 20000., -81216., 61600., -325135., 191000.,

> -620900., 340000. /

C

if ( e .le. 0.34) then
I (. = 0'.

return
endif
if (e .le. 0.575) then

yield = pg(l. 2 ) + pg(2.2)*e

return

endif
if (e .le. 0.685) then

yield = pg(1,3) + pg(2,3)*e

return
endif

if (e .le. 0.86) then

yield = pg(1,4) + pg(2,4)*e

return

endif

if (e .le. 0.88S) then

yield = pg(I,S) + pg(2,5)*e

return
endif

if (e .le. 1.335) then

yield = pg(1,
6 ) + pg(2.6)*e

return
endif
if (e .le. 1.435) then

yield = pg(I,7) + pg(2,7)*e

return

endif
if (e .le. 1.635) then

yield - rg(1,8) + pg(2,8)*e

return

endif
if (e .le. 1.885) then

yield = pg(1,9) + pg(2,9)*e

return
endif

if (e .le. 1.985) then

yield = pg(l,10) + pg(2,10)-e
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return
endif
yield = pg(1,11) + pg(2,11)*e
return
end

real*4 function ylif(e)

* calculates thick target yield of Li reaction

* fitted from data of Leeper et al. e in MeV

real*4 ele,y
el = e*l.Oe3

if (el It. 400 ) then
ylif = 0.0
return

end if
if (el .lt. 500 ) then

ylif = 7.3897E-9*(atan((el-441.)/12.1) + 1.28382)
return

endif
el = el-500.

y = 1.96 + el*1.3E-3 + el*el*8.163E-7
ylif = y*IE-8
return
end

ccccccccccccccccccccccccccccccccccccrccccccccccccccccccccccccccccccccI~CC
C

c SUBROUTINE Rtp(Ic,VxVy,VoRc,XcYc,Rstar.VthetaVrRstarlRo,'c)

C
C This subroutine calculates the outer radial turning point of the
C ion in the discharge field.
c
C XcYc Channel entrance plane corrdinates of ion.
C Vx,Vy Channol entrance velocity components of ion.
C Vo Velocity of particle at channel entrance.
C Ic Discharge current.

C Rc Chann radius.
C Rstar Outer radial turning point to be calculated and returned.
C Rstarl Alternate calculation of radial turning point.
C

I
I
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c REAL*4 X,y,It.Vx.Vy.Vo, RC,Xc.yc. A, B,C, ined~iddle,Rsta

ItE&L*4 Revuoms~~iV~vhtht~i 
pio

REAL*4 Yabs.XabsRtpi,Vr,Rstarl ,D,1Rprime

C
C Ion - proton. Ze -

c
epsilon -I.Oe-31
pi =3.14159
mass - 1.6726e-2

7

q -1.6022e-1
9

Nu-o =4.0e-7*pi
C
C
c

Vz SQRT(Vo**2. - Vx**2. - Vy**2.)

Ro =SQRT(Xc**2. + Yc**2.)

c Vc =M-:~cqR)(.*ims*c

Vc =(HMlO.Ic~q)/(4.0*Pi*MaSs)
Xabs=ABS (Xc)
Yabs=ABS(Yc)

IF C(Xabs.lt.eps2-lol) .AND. (Yabs.1t.epsilafl)) 
THEN

HRITE(6,*)' "=-FLAG 1'

Theta=0.
ELSEIF(XabS .1t .epsilon) THEN

WRITE(6.*)' ===FLAG 2'

IF (Yc.gt. 0.0) THEN
Theta = pi/2.

ELSE
Theta =3.0*pi/ 2 .

ENDIF

ELSEIF (Yabs .lt .epsilon) THEN

1URITE(6,')' =ýFLAG 3'

IF (Xc.gt. 0.0) THEN
Theta -0.

ELSE
Theta =p

EiIDIF
ELSE

C. 'WRITE (6.*) -=FLAC 4'

IF (Xabs.St.Yabs) THEN

Theta = COS( Xabs/Ro )

ELSE
Theta =ASINC Nabs/Ro )

ENDIF
IF ((c.lt. O.0).AND.(X.1t. 0.0)) THEN

Mheta =Theta + pi
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ELSEIF ((Yc.lt. O.0).ANO.(Xc.gt. 0.0)) THE

Theta = 2.0*pi - Theta
-- ELSEIF ((Yc.gt. 0.0).AND.(X.lt. 0.0)) THEN

Theta - pi - Theta

I ELSTheta -Theta
ENDIF

ENDIF
pi2 = 2.0*pi
Theta = MUDCTheta~pi2)

Vtheta= Vy*COS(Theta) - Vx*SIN(Theta)
Vr = xCOSCTheta) + Vy*SIN(Theta)

C Nov calculate the A,B,C constants to get Rstar.
C

A=2.0*Vz*Vc/((VoeRc)**2.)
B=1.0 - CVz/Vo)**2.. + 2.0*Vz*Vc*Ro*Ro/((Vo*Rc)**2.)

C =(Ro*Vtheta/Vo)**2.

inner = B*B - 4.0*A*C

IF (inner.lt. 0.0) STOP 661

I middle = ( B + SQRT(inner) )/(2.OsA)

IF Cmiddle.lt. 0.0) STOP 662

I Rstar =SQRT(middle)
C
C Do alternate calculation for comparison.

I C A = Ro*Ro/2.
B = CVr*'2 .+Vtheta**2. )*Rc*RcIC4.*Vo*Vc)
C = ( B*2. 4R*R ~oii )**2.

D1= 2. .Ro*Ro*Rc*Rc*Vtheta*Vtheta/(Vo*Vc)

IF ( C-D .le. 0.0 ) THEN
Rstarl =0.0

inner - .5.SQRT(C-D)

ENDIF

middle = A+B+inner
IF (middle.le. 0.0) THENI Rstarl 0.0

WRITEC6,.)' imaginary root!'
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Return
ELSE
"-Rstarl = SQRT(middle)

ENDIF

C
C Do Paul's fiL, order correction.
C

Rprime = Vc*Vcs((Ro*Ro - Rstarl*Rstarl)**2.)

Rprime = Rprime/(Rc**I.)
C = 2.0OVtheta*Vtheta*Ro*ro/(Rstar1-*3.)
D = 4.0*Vz*Vc*Rstarl/(Rc*Rc)

Rprime = Rprize/( C - D )

RfL xl = Rstarl+Rprixe

CCCCCCCCCc.ýcCCcccCcCcc CCcccccccCCCCccccccccCcccCcCCCccCccccccCCC
C

I

SUBROUTINE Rtp2(Ic,Vx,VyVoRc,XcYc,Rstar,VthetaVr,Rsl,Ro,Vc)
C
C
C This subroutine calculates the outer radial turn"•ig point of the
C ion in the discharge field. The discharge field in this case is
C quadratic. The roots of an 8th order polynomial are required in
C order to find the ion's outer turning point.
C
C XcYc Channel entrance plane corrdinates of ion.
C Vx,Vy Channel entrance velocity components of ion.
C Vu Velocity of particle at channel entrance.
C Ic Discharge current.
C Rc Channel radius.
C Rstar Outer radial turning point to be calculated and returned.
C Rs1 Alternate calculation of radial turning point.
C
C This routine" will return the desired turning point as Rsl.

INTEGER N.I,RR,J
LOGICAL lessthan
REAL*4 X,YIcVx,Vy,Vo,Rc,Xc.Yc,A,B,CRstar,F,Rosave
REAL*4 Ro,Vc,Muo,Vz,Vtheta,pi2,R(S1) ,delR(51) ,rfall
REAL*4 Rtpi, Vr, Rsl ,D, Rprime, dummy, middle, diff
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REAL*4 Rc,ý6R3eslnVotznvRtrIREAL*4 YasXb~iTeaqmssV~npctpbto
3 ~lessthan - .false.

C Ion -proton. ZI C epsilon =1.0e-31
pi = 3.14159

mass = 1.6726e-27Iq = 1.6022e-19
Mu..o = 4.0e-7*pi

C

C Caic. phase space coordinates.

Vz = SQRT(Vo**2. - Vx**2. - Vy**2.)

Ro =SQRTCXc**2. + Yc**2.)

Rosave = Rb

Vc =(flu-.o*Ic*q)I(4.0*pi*mass)*C2.I3.)
Xabs=ABS(Xc)
Yabs=AIS (Yc)I ~IF (CXabs.1t.epsilol) .AND. CYabs.lt.epsilofl)) THEN

WRITE(6,*-)' ==FLAG I'

ThetaO0.

ELSEIF(Xabs .1t. epsilon) THEN

WRITEC6,*)' ='=FLAG 2'
IF (Yc.gt. 0.0) THEN

Theta -pi/2.
ELSE

Theta =3.0*pi/2.
ENDIF

ELSEIF(Yabs .lt.epsilon) THENI HRITE(6,*)' -~FLAG 3'
IF (Xc.gt. 0.0) THEN

Theta = 0.

ELSE

Theta = pi
ENDIF

ELSE
c WRITE(6,*)' ==FLAG 4'

IF Clabs.gt.Yabs) THEN
Theta =ACaS( Xabs/Ro *

ELSE3 ~Theta -~ASINC Yabs/Ro)

ENDIF
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IF ((Yc.it. O.0).AND.(X.lt. 0.0)) THEN

Theta -Theta + pi
-. ELSEIF ((Yc lt. 0.0).AJID.(Xc.gt. 0.0)) THEN

Theta - 2.0*pi - Theta
ELSEIF ((Yc.gt. C.0).AND.(Xc.lt. 0.0)) THEN

Theta -pi - Theta
ELSE

Theta r, Theta
ENDIF

ENDIF
pi2 = 2.0*pi
Theta = MOD(Theta,pi2)
Vtheta= Vy*COS(Theta) - Vx*SIN(Theta)
Vr =Vx*COS(Theta) + V)*SIN(Theta)

Voc = Vo/Vc
Vzc =VZ/VC
Vtc =Vtheta/Vc

Rc6 E *6
Rc3 = Rc**3.
Ro3 = o**3.

C
C do polynomial coeff.

C

A =2.0*Vz*Rc3/Vc - 2.0*Ro3

B -Vzc*Vzc*Rc6 - Voc*Voc*Rc6 -2.0*Vzc*Ro3*Rc3 + Ro3*Ro3

C =Vtc*Vtc*Ro*Ro*Rc6

C
C find an Irl that goes positive on the (Vr,r) curve.
C

Rnew Ro*1.1

Vr.inspec - Bnew**8. + A*(Rnev**5.) + B*Cflxev**2.) + C
IF (Vr-.inzpec.gt. V'.0) GOTO 12
DO 10 1=1,10000

Bnew Rnev+ Ro*0.1
Vr-.inspec =Rnew**S. + A*(Rnev**S.) + B*(Bxiew**2.) +4 C
IF (Vr.Anspec.gt. 0.0) Th'Et

Diff - 0.1*Ro
Rstart =Rnev - Ro*0.1
DO 20 J=1,98

Rneg = FLOAT(J)*0.01*Diff + Rstart
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Vr-jnspec Rneu**8.4A*(Rnevs**.)+B*(Rneus*2.)+C;I IF (Vr-inspec..gt. 0.0) THEN
R(1- Rnev
Rfall -Rnew

ENIGOTO 12

20 CONTINUE
001T0 11

ENDIF
10 CONTINUE

WRITE(6.*)' Z%%%%%%% failed to make Vr positive. ZZZ%%%
11 CONTINUE

C R(1= Rnew - Ro*0.1
RW ) Rnev

12 CONTINUE

I C
C Now loop over, doing correction, testing, and then R's again.
C

I' DO 5001 I=1, 50

IF (RCI).lt. 0.0) THEN
WRITEC6,*)' RtP2 -- Converging to wrong root.',I
RW ) R(1)*I.1
GOTO 12

ENDIF

top = (RCI)**8.) + A*(R(I)**S.) + B*CRCI)**2.) + C
bottom = 8.0*CR(I)**7.) + S.0*A.(RCI)**4.) + 2.0*B*R(I)

I IF CABS(botto) .gt. 1.e-36) THEN
del..R(I) =-1. 0*topfbottom

ELSE
VRITE(6,*)' Rtp2 -- Demoninator too small.',i
Rsl =13.13
Ro - Rosave
RETURNI ENDIF

R(1+1) = R(I) + del..R(I)

I ~IF (I .gt. 3) THEN
diff = ABS(R(I+1)-Rt(I))+ABS(R(fl-RCI-1)) +

201



TN 9.1-07 36

ABS( R(I-1) -RCI-2))

IF (dilf Alt. 3.e-6) THEN

Rsl = RC(I+1)

IF (Rsl Alt. Rosave) THEN
dilf - (ABS(Rs*>-Rosave))IRosave
IF (diff .lt. 0.001) THEN

VRITE(6,*)' Rtp2- -- correction made.'
Rsl -Rosave

ELSE
IF (.not. lessthan) THEN

RC1 - rfall*4.0
WRITE(6,*)' repeat.'
lessthax .true.
GOTO 12

EWDIF
Rs I = rf all
VRITE(6W) failed.'

ENDIF
ENDIF
Ho = Rosave

RETURN

ENDIF
ENDIF

5001 CONTINUE

C
C Didn't converge.
C

WRITEC6,*)' No convergence.'
Hal 13.13

Ho =Rosave

C Done.
C

RETURN
END

cccccccccccccccccceccccccccccccccc.cccccccccccccccccccccccccccccccc
cccccccccccCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C
C
C

SUBROUTINE Rtp3(Ic,Vx,Vy,Vo,Rc,Xc,Yc,Rstar,VthetaVr.Rsl,Ho.VC)
C
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C This subroutine calculates t,e outer radial turning point of tue
C ionj.n the discharge field. The discharge field in this case is
C quadratic. The roots of an 8th order polynomial are required in
C order to find the ion's ouxer turning point.
C
C Xc,Yc Channel entrance plane corrdinates of ion.C VxVy Channel entrance velocity components of ion.

C Vo Velocity of particle at channel entrance.
C IC Discharge current.
C Rc Channel radius.
C Rstar Outer radial turning point to be calculated and returned.
C Rsl Alternate calculation of radial turning point.
C

This routine vill return the desired turning point as Rsl.

INTEGER MI,RR,J
LOGICAL lessthan

REAL*4 X.Y,Ic,Vx,Vy,Vo,Rc,Xc,YcA,BC,RstarF,Rosave
REAL*4 Ro,Vc,Muo,VzVtheta,pi2,R(51) ,del.R(51) ,rf all
REAL*4 Rtpi,Vr,Rsl,D,Rprime,diummy,middle,diff,Ro8,Vrc
REAL*4 Rc4.Rc8,Ro4,epsilon,Voc,Vtc,VzcRneu,Rstartg lREAL*4 Yabs,Xabs,pi.Theta,q,mass,Vrinspec.top,bottom

lessthan = .false.£C
C Ion = proton. Z = 1
C

epsilon = 1.Oe-31
pi = 3.14159
mass = 1.6726e-27
q = 1.6022e-19
Mu-o = 4.0e-7*pi

C Calc. phase space coordinates.

Vz = SQRT(Vo**2. - Vx**2. - Vy**2.)
Ro = SQRT(Xc**2. + Yc**2.)
Rosave = Ro

Vc = (Mu.o*Ic*q)/(4.0*pi*mass)*(2./4.)
Xabs=ABS (Xc)
Yabs=ABS(Yc)
IF ((Xabs.lt.epsilon) .AND. (Yabs.lt.epsilon)) THEN

WRITE(6,*)' ==FLAG 1'
Theta=O.

ELSEIF (Xabs. t. epsilon) THEN

I
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VRITE6,01 ==FLAG 2'

IF (yc.gt. 0.0) THEN

S Theta - pi/2.
ELSE

Theta -3.0*pi/2-
ENDIF

ELSEIF(yabs.lt. epsilon) THEN

VRITE(6,*)' ===FLAG 3'

IF (Xc.gt. 0.0) THEN

Theta =0.
ELSE

Theta =Pi
ENDIF

ELSE

c WJ(6$) ==FLAG 4'

IF (Xabs.St.Yabs) THEN

Theta =ACOS( Xabs/Ro)

ELSE
Theta - ASIN( Yabs/Ro)

ENIF (Y~t 0.0) .AND.(Xc.lt. 0.%))) THEN

Theta =Theta + pi

ELSEIF CCYc.lt. 0-0).AND.CXc.gt. 0.0)) THEN

Theta =2.0*pi - Theta

ELSEIF ((Yc.gt. 0.0).AND.(XcJ.t. 0.0)) THEN

Theta =pi - Theta
ELSE

Theta =Theta
ENDIF

ENDIF
pi2 - 2.0'pi

Theta = M0D(Th~ta~pi2)

Vtiieta= VY*COSCTheta) - Vx*SIN(Teta)

Vr -vz*COS(Theta) +- Vy*SIN(Theta)

Voc = Vo/Vc
Vrc -Vr/Vc
Vzc =Vzj'Vc
Vtc = Vtheta/VC
Rc4 =Rc**4.
Ro4 =Ro*04.
Ro8 Ro4*Ro4

Rc8 =Rc4*Rc4

C

C do polynomial coeff.

C
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3 A = 1.0

B..= 2.o*vzc*RC4 - 2.0*Ro4

3 C . R1o8 - Vtc*Vtc*Rc8 - Vrc*Vrc*Rc8 - 2.0*Vzc*Rt-4*RC4

D - Ro*Ro*Vtc*Vtc*Rc8

IC
C find an 2r, that goes positive on the (Vr.r) curve.

C

I Rnew Ro*1.1
Vr..inspec = A*(Rnev**10.) + B*(Rnev**6.) + C*(Rneg**2.) + D

IF (Vr-inspec.gt. 0.0) GOTO 12

DO 10 I=1,10000I Rnev - Rnev+ Ro*0.1
Vrjinspec =A*CRnev**10.) + B*(Rneg**6.) + C*(Rnev**2.) + D)

IF (Vr-jnspec.gt. 0.0) THEN
Dif I = 0.1*Ro
Rstart =Rnev - Ro*0.1
DO 20 * =1.98

Rneg FLOATCJ)*0.01*Ditf + Rstart3 Vr..inspec =A*(Rneu**10.)4D*(Rflev**6.)+C*(Rnev**
2.)+D

IF (Vr-jnspec.gt. 0.0) THEN

R(1W Rnew
Rfall =Rnew

GOTO 12
ENDIF

20 CONTINUE
GOTO 11

ENDIF
10 CONTINUE

VRITE(6,*)' %%%%Z%% failed to make Vr positive. %%%%~%%%'

11 CONTINUE

c RM =( Rnew - Ro*0.1

12 CONTINUE

C Now loop over, doing correction, testing, and then R's 
again.

DO 5001 I=1, SO
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IF (R(I).lt. 0.0) THEN

'- WRITE(6,*)'I Rtp3 Converging to wrong root.'.1

R(1- RCI*1.1
GOTO 12

ENDIF

top .A*(R(I)**10.) + B*(R(I)**6.) + C*(R(I)**2.) + D

bottom - 10.*A*(R(I)**9.) + 6.0*B*(R('I)**S.) + 2.0*C*R(1)

IF (ABS~bottom) .gt. 1.e-36) THEN

del-R(I) =-1.0*top/bottofl
ELSE

VRITE(6,*) I Rtp3 -- Demoninator too small. ',I

Rsl =13.13

Ro Rosave
RETUN

ENDIF

RC1+1) =CT) + del-RCI)

IF (I .gt. 3) THEN
diff = ABS(R(I+1)-R(I))+ABS(R(I)-R(I-1~)
IF (diff .lt. 3.e-6) THEN

Rsi = RCI+1)

IF (Rsl It. Rosave) THEN

diff =(ABS(Rsi-Rosave))/Rosave
IF (diff .lt. 0.001) THEN

IJRTE(6,*)' Rtp3 -- correction made.'

Rsl = Rosave
ELSE

IF (.not. lessthan) THEN
R(1 - rfall*4.0
VRIT(6,*)' repeat.'
lessthan = .rue.
GOTO 12

ENDIF
Rsl -rf all
IVRITE(6,*)' failed.'

ENDIF
ENDIF

Ro -Rosave

RETMR

ENDIF
EJIDIF
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I
5001 COINTINUE

C Didn't converge.
C

WVrE(6,*)' No convergence.'
Rsl - 13.13
Ro =RosaveIC

C Done.

C

RETURN
END

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

3 C Channel Propagation

The program SHDCHAN performs orbit calculations for ions injected into the
discharge channel. The equation of motion integrator is the common leap-

frog method. The time step size is determined by an individual ions energy
and can decrease for a single ions flight as energy loss due to classical stop-
ping is calculated at integral number of time steps. The equations of motion

are fully 3D, non-relativistic and energy loss is performed by the ELAIR func-
tion (see Appendix B). Note, that for ion energies below ,• 1.2MV, a simple
variable timestep scheme is used to help optimize the calculations. The code

included here uses a linear rising B-field. This can easily be modified to the
quadratic B-field case by examining the variables Bo and Vc.

program SHDCHAN
C
C This program does the real york in the IJF/SHD suite. Ions
C are moved through a ideal wall-stabilized discharge channel
C of constant radius and current. 100% current and charge
C neutralization is assumed, no self-field effects are treated.
C
C Converation of energy, angular momentum, and axial momentum

C is reported in the LOG file (when run in batch mode) or
C terminal screen (uhen in interactive mode).
C
C Note: Arrays are stored such that the number of data

I C points appears as the first element. This is

I
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C done to make plotting the data in the PLOTIO AGII
C package easier.

C 1-
C This program differs from the LMF version mostly in reading and

C writing of data files.
C
C For ions that hit the channel wall, the XO coordinate is labeled
C with the value '13.14' and the YO coordinate is used to hold the
C ions last ZO position. An option in the plotting package with
C enable the user to see where ions stop in the channel.
C
C Variables:

C radius -- user supplied out radius at diode.
C VxVy -- Velocity arrays.

C X.Y -- Position arrays.
C F -- User supplied diode to channel distance.

C Energy -- User supplied ion energy.
C Vo - Ion velocity Energy = (1/2)m(Vo)**2

C nions -- User supplied number of ions.

C asize - Max number of ions (array sizes).

C nq -- number of removed electrons in ion.

C nmass -- ion mass in number of proton masses.
C Rc -- Channel radius.

C nilcin - number of ions lost at channel entrance.

C nilc -- number of ions lost in channel.
C nihtar -- number of ions that hit the target.

C Tradius -- Radius of target.
C Tpos -- Target position.

C CLEN -- Channel length.
C
C Variables specific to SHDCHAN:

C isteps S- of time steps

C dt -- time step size in sec.
C adist - average particle distance for ions that

C clear channel exit.
C tdist - total single particle distance

C rdist -- 1000 step distance for FLAIR calc.

C sdist -- single time step distance.
C maxdist -- max. particle travel distance.

C mindist -- min. particle travel distance.
C ismod -- modulus for energy loss calc.

C MV -- used in ELAIR calc. (MegaVolts)

C MVnew -- $ it

C (Vi -- " "it

C kVpMpT -- kiloVolts per Meter per Torr

C nilqrtr -- 2 of ions lost after a quarter of the

C channel length
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IC
C

ISTEGER asize ,naass ,nq,nilcin ,nilc ,nihtar, I ,K nions

INTEGER isteps.L,of fset,bnhum, oubitirng,2~ 8M, isodIINTEGER nilqrtr,ni~lov
LOGICAL conserv
PARAMIETER (asize-30000 )3 REAL R,rscale ,Vo ,Vz ,Do, tpmax .tmpmin . kVp~pt, rdist

REAL q~qa . ass,Yxo, Vyo, Vzo.time, XchanYdhan,(i~st

REAL Zo, Xo, Yo, l,Y1, ZI, Vxl,Vy 1,Vz1, dt. Rth, tdist, sdist

REAL Vxz,Vys,Vf Vt,Vfmax,Vfminf,Ro.Rf volt, currVoi

REAL Pphimax.Pphiminf.PphioFPphif ,Pphid,Pphit, Vd. Rc2

REAL PztPzmax,PzminPzf,Pzo,VziPzdiff ,KVMVi,KVniew

REAL X,Y.V, Vy,F~radius, Rc, current, Clen, Rtaget~qrtr

REAL Tpos, Energy~befd, Voii, iy~tile i. ringR1igmaxI ~REAL ratio ,mindist, maxdist ,Voi..old ,Pressure, e)air

CHARACTER* 100 info

DIMENSION X(asize) ,Y(asize) ,bnum(asize) ,Vo(20) ,curr(20)

DIMENSION Vx(asize) .Vy(asize) ,bend(20) ,Voii(asize)
DIMENSION iy (asize) ,timei(asize) , iring(10) ,ring (11)
DIMENSION Vxs~asize),Vys (asize) ,volt (20 ) ixoubin(20)

conserv = false.

C
C Read in the chanin. f ile.I C OPEN (1,J'T.LE= Ichanin.' ,f orn='unformatted, ,access=' sequenltial.'

* SrATUS='OLDI)

* nmass ,nq,nilcin,nilc,flihtai% info
DO 303 I=1,20

303 READC1)volt(I) ,curr(I) , onbin(I) ,bend(I) .VoCI)

DO 304 1=1,nions+1

304 PREADC1)X(I) .Y(I) ,VxCI) ,Vy(I) ,bnuu(I) ,Voii(I) ,timei(I) ,iy(I)

CLOSE (1
C

C Set defaults.

maxdist =0.0

windist =1000.

nillow =0
nilqrtr = 0

qrtr = 0.25*Clen + F

dt = 2.0e-12

q =nq*1.6022e-19
mass=nmfass*l .6726e-

27
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qz =q/mass
Rc2 = Rc*Rc
itilc = 0
offset 1

Pressure = 2.0 !2.0 Torr for all Jess's runs.

Bo -2.0e-7*c1Xrreflt/(RC*Rc)

Do 57 1-1.11

57 ringCI)=FL0AT(I-1)*O-l*Rc

C
C Begin particle -loop.

C

WIRITE(6,*)' # of ions to loop over = ',nions

Do 100 I=1.nions

C
C Is this particle available for moving?

C
IF (X(I+offset).eq. 13.13) GOTa 100

IF (Voii(I+offset) Alt. 6.92e6) THEN

nillov = nillo9+l
XCI+offset) = 13.13

GOTO 100
ENDIF

C
C Set up particle for propogation.

C
dt = 2.0e-12
tdist =0.0
rdist =0.0

Voi = Voii(I+off set)

IF (voijlt.1.52e7) THEN
dt - i.04e-S/Voi

ENDIF

VXo = Vx(I~offset)
vyo = Vy(I+off set)

Vzo =SQRT(Voi*Voi - Vxo*VxO- VYO*VYO)

X0 = XCI+offset)
yo = Y(I+offset)
Zo = F
isteps=O
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3 ~Vfmin--3 .elO
Vfmax-O.
Vt,-0.
Pphit -0.3 Pphimax=0.
Pphijoin--l e20

Pzt=O.
Pzuax-0.3 pzuin-1 e20
Ringmax-0.0

Iso CONTINUE

isteps = isteps+1
rscale = XO*XO+YO*YO
WF (rscale.gt.RC2) THEN

I(I+off set) = 13.14
y(I+offset) =Zo

nilc = nilc+1
IF (Zo,.ge.qrtr) nilqrtr nilqrtr+l

GOTO 100
ENDIF

3vxj = Vxo - dt*qm*Vzo*BO*XO

X1 = X + dt*Vxo

Vyl = Vyo - dt*qm*Vza*Bo*Yo

3j = Yo + dt*Vyo

Vzl Vza + dt*qm*(VXO*XO + Vya4Yo)bBo

3 1 =Zo + dt*Vzo

sdist -Z1-Zo

rdist =rdizt + sdistItdist, tdist + sdist

3 IF CZ1.gt. Clen+F) THEN

C Get p's and q's at channel exit plane.

C
time = Clen+F-Za)IVzoI Vii Vxa - tinesqm~vzo*Bo*Xo
X1 = o + time*Vxo
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Vyl =Vyo - time*qz*Vzo*Bo*Yo
Y1 Yo + time*Vyo

~. Vzl - zo + tixe*qui*CVxo*Xo + Vyo*Yo)*Bo
C
C Check Energy conversation for this ion.
C

IF (conserv) TUEN

Vf-SQRT(Vzl*Vzl + Vxl*Vxl + Vyl+Vyl) ! final vel.
Vd =ABS CVf-Voi)
Vf max - HAX(Vfmax,Vd) ! Max Vd
Vfmin = HIKCVfminVd) !Min Vd
Vt =Vt+Vd ! Total Vd

C
C Check Angular Momentum conservation for this ion.
C

Vzi'=SQRT(Voi**2. - Vx(I+off set) **2. - VY(I+offset) .*2.)
Ro-SiRT( X(I+offset)**2. + Y(I+offset)**2. )
Rf=SQRT(X1*Xl + Y1*YI) ! final R
Pphio=Vy(I+offset) SX(I+offset)-Vx CI+of fset) *Y(I+off set)
Pphif=Vyl*X1-Vxl*Yl
Pphio--mass*Pphio ! init momentum
Pphif--mass*Pphif ! final momentum
Pphid=ABS(Pphif-Pphio) ! (+) diff.
Pphit=Pphit+Pphid ! total diff.
Pphimax=-MAX(Pphimax,Pphid) ! momentum Max.
Pphimin=MIN(PphiminPphid) !momentum min.

C
P, Check Axial Momentum consevation for this ion.
C

Pzo -mzass*(Vzi - (qm*Bo/2.)*Ro*Ro)

Pzf - ass*CVzl - (qm*Bo/2.)eRf*Rf)
Pzdiff-ABS(Pzo-Pzf)
Pzt'-Pzt+Pzdiff
PzmaxrMAX(Pzuax 1Pzdiff)
Pzuin=MIU (Pzain ,Pzdiff)

C
C Find the max. turning point radius of ion.
C

DO 686 M1=1,10
IF ((Ringmax.ge.ring(M)).and.

(Ringmax.lt.ring(M+1))) THEN
iring(M) =iring(M)+1

GOTO 689
ENDIF

686 CONTINUE
689 CONTINUE
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ENI
C Store final phase space coordinates for this ion.I C ~Vi(Ii-offset) -Vii

VY(I+offeet) VyI
X(I+offset)-XiI Y(I+offset)=Yl

C

C Do ioe travel distance statistics.

IF Cconserv) THEN
MAXDIST = MAX(MAXDIST~tdist)
HINDIST = KIM CMINDIST,tdist)Iadist = adist + tdist

ENDIF

I GOTO 100
ENDIF

I CC Section to do energy loss in air.
C

ismod - OD(isteps,2000)I IF ((ismod.eq.1) .AND. (isteps.gt.3)) THEN

Voi-.old =Voi
MV = .e-6*0.5*mass*Voi*Voi/qImvi = KV
kVp~pT -ELAIR(MV)
HVnev -MVi - rdist*Pressure*kVpMpT4.1.e-3
IF (XVnew Alt. 0.0) THENInillow -nUo~

X(I+offset) -13.13
GOTO 100I ENDIF

Voi -SQRTC 2.0*qm*1.e6*MVnew

Voii(I+offset) -Voi

Iratio = Voi/Voi-old
VX1 Vxl*ratio
Vyl = Vyl*ratioIVZ1 = SQRT(Voi*Voi-Vxl*Vxl-Vyl*Vyl)

IF (Voi.lt.i.52e7) THEN
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dt - 3.04e-5/Voi
ENDIF

rdist - 0.0

ENDIF

C
C End Section for energy loss.
C

Vx0o VX1

Vyo = Vyl
Vzo = Vzl
Xo = X1
Yo = Y1
Zo = Z1

GOTO 50

C
C
C End particle loop.

C

100 CONTINUE

WRITE(6,*)' # of ions lost before channel = ',nilcin
VRITE(6,1)' S of ions lost in channel -' ,nilc
WRITE(6,*)' 1 of ions lost after 1/4 chan.= ',nilqrtr
VRITE(6,*)' S of low vel. ions removed = ',nillov
IrRITE(6,*)' Check conservation of energy (T/F) -' ,conserv

IF (conserv) THEN
URITE(6,*)' ---- Convervation of Energy --
Vf = Vt/(nions-nilc)
WRITE(6.*)' Average diff. in Vo from Iront to back= ',Vf
MRITE(6,*)' Max Velocity at channel end - 1,Vfmax
WRITE(6,*)' Min Velocity at channel end = '1 Vfmin

URITE(6,*)' ----- Conservation of Angular Mo~entum -------
Pphit = Ppbit/(nions-nilc)
WRITE(6,*)' Avg. diff. in Pphi from front to back = ',Pphit
WRITE(6,*)' I Max phi Momentum diff. at channel end = ',Pphizax
IRITE(6 4 *)' Min phi Momentum diff, at channel end -'.Pphiuin

WRITE(6,*)' ----- Conservation of Axial Momentum ---------
Pzt = Pzt/(nions-nilc)
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VRRITE(6,*)' Avg, diff. in Pz from front to back - ',Pzt

WRITE(6,*) *"Max Z Momentum diff. at channel end -',Pzmax
VITE(6,*)' Min Z Momentum diff. at channel end - ',Pznin
W RITE(6,*)' ---- Conservation of Axial Momentum ------. --

adist - adist/(nions-nilc)

IIRITE(6,.)' Avg. ion travel dist. at channel exit -' ,adist
WRITE(6,*)' HM-. ion t2.,veO dist. at channel exit -',maxdist
WRITE(6, e) , Min. .on trawel dist. at channel exit = '.mindist

ENDIF
C! °C Write out chanex. file.

OPEN (1 ,FILE=' chanex. ',form=Iunformatted' .access= ' seqpential'.
* STATUS='NEW')

WRITE (1) nions, F, radius, Rc, current, Clen, Rt arget, Tpos, Energy,
nmass,nq,nilcin,nilc ,nihtar, info

DO 306 I=1,20

306 WRITE(1)volt0(I) , urr(I) ,ionbin(I) ,bend(I) ,Vo (I)l DO 307 I=I,nions+l

307 WRITE(1)X(I),Y(I) .Vx(I) ,Vy(I) ,bnum(I) ,Voii(I) ,timei(I) ,iy(I)

CLOSE(l)

UWRITE(6,*)' F =,F

WRITE(6,.*)' Rc 'P.Rc

WRITE(6,.*)' .current %,current
WRITE(6,*)' Clen = ',Clen
WRITE(6,.*)' Rtarget.Tpos ',Rtarget,Tpos
WRITE(6,*)' info = ',info

I IF (conserv) THEN
WRITE(6,*)' ION TURNING POINT RANGES'

DO 6045 I=1,10
WRITE(6,6046) 'ring' ,I, ' has',iring(I),' ions of Radius

,ring(I),' to ',ring(I+1)
6045 CONTINUE

6046 FORNAT(IX,A,I3,2p,AI4,A,F6.2,A,F6.2)

ENDIF

END

D Channel Exit to Target Projection

i Several small codes were written to project the ion phase space distribution
from the channel exit the witness plate/target assembly. In all of these codes

2
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no classical stopping was considered. Included here is SHDTARG2 which was
used to generate the phase space distributions at the target presented in
Ref. [ii.

program SHDTARG2

C This program takes the ions from the channel exit plane and
C projects them onto the witness plate and target.
C The user inputs channel to witness plate distance and
C target distance. The 'target' is a flat

C disk in the (X.Y) plane(the blue plastic).

C The witness plate is the aluminum plate with radial pin hole

C rays.
C The number of ions that hit the
C target is strored along with their phase space coordinates.

C
C Programs in this set include:
C

C SHDLOAD - Initial ions distibution at diode and

C projection to channel entrace.
C SHDCHAN -- Take ions at channel entrance and move 'em

C to end of channel.
C SHDTARG -- Take ions at end of channel and project them

C onto the target (through witness plate).
C SHDPLOT -- Plot any of the dump files left behind by the
C above programs.

C
C
C Program structure is:
C 1. Get user input.
C 2. Read channel exit phase space coordinates.

C 3. Project ions from channel exit to target.
C 4. Write this out 5n 'target.'
C
C Varibles in SHDTARG:

C radius -- user supplied out radius at diode.
C VxVy -- Velocity arrays.

C I,Y -- Position arrays.
C mu -- user supplied microdivergence.

C F -- User supplied diode to channel distance.
C Energy -- User supplied ion energy.

C Vo -- Ion velocity Energy = (1/2)m(Vo)**2

C jseed -- Random number generator seed.
C nions -- User supplied number of ions.

C asize -- Max number of ions (array sizes).
C nq -- number of removed electrons in ion.
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C amass -- ion mass in number of proton masses.
C Rc -- Channel radius.
C Ujilcin -- number of ions lost at channel entrance.
C nilc -- number of ions lost in channel.
C nihtar -number of ions that hit the target.

C Tradius -Radius of target.

INTEGER asize,nmass,nq,nilcin,nilc,nihtarI,K ,nions
INTEGER offset ,N.npass,nhituit,ionbin,bnum,retry,JIPARAMETER Casize=30000)
REAL a,b, R, radius, rscale~x, y F.c, d.Energy, bend, curr
REAL e~g,Vx. Vy,Vo, mu, time, Vz, Rc. pass. ypass, Rion, volt
REAL current, clenTpos, Upos, xh, yh. Rtarget, delh, rh,Voi1 ~REAL iy..timei,Voii ,tpass ,Xprime .Yprime ,VXprimeVYprime

CHARACTER*100 info
DIMENSION x(asize) ,y(asize) ,rpass Casize) .ypass Casize)
DIMENSION Vx(asize) ,Vy(asize) ,xh(7) ,yhC7) ,bnuia~asize)

DIMENSION bendC20), currC20). volt (20), ,ionbinC20) ,Vo (20)
DIMENSION timei(asize) *Voii~asize) ,iy Casize) ,tpass (asize)

DIMENSION Sangle(9) ,Cangle (9)

3 Do 10 1=1,9
SangleCI) = SIN (FLOATC(1-1) *0. 174S33)
CangleCI) = COS (FLOATC(1-1) *0. 174533)310 CONTINUE

C
C Read in chanex. file

OPEN (1, FILE= Ichanex Iform= unformatted' I.access= Isequential'
* STATUS='OLD')

READ(1)nions,F.radius .Rc ,current,Clen,Rtarget ,Tpos.Energy,
nmass,nq~nilcin,uilc,nihtar,info

DO 302 I=1,20

302 READ(1)voltCI) ,curr(l) ,ionbin(I) ,bend(I) ,Vo(I)
DO 303 I=1,nions+lI ~303 READ )X(WI) ,(1) ,Vx(I), Vy(I) ,bnum(I) ,Voii(I).,timei(I) , iy(I)
CLOSE( )

C
C Get input from user.

C

WRITE(6,*)' SHDTARG -
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IJRITE(6,*) Enter channel exit to witness plate distance(m).
READ(5 .*)Vpos

'IJRITE(6,*) I Enter witness plate to target distance(m).
HEAD(S.*)Tpos

C
C Constants
C

rh - .Se-3 !radius of pin holes
delh - .e-3 !center to center dist. between holes.
DO 4S 1=1.4

xh(I) - delh*FLOAT(I-1)
yhCI) = O.tV

45 CONTINUE
DO 46 I=1,3

xh(I+4) = 0.0
yh(I+4) = delh*FLOAT(I)

46 CONTINUE

C
C Move ions to witness plate.
C

offset = I
npass = 0
nhituit = 0-

DO 700 I=2 ,nionz4-

IF ((X(K).ne.13.13).and.(I(K).ne.13.14)) THEN

Voi = VoiiCI)
A = Voi*Vo2. - 'Jr(I)"VX(I) - VY(I)*VY(I)
IF CA.lt. 0.0) THEN

VRMr(6,.)' Error -

VRI:TE(6.*)' Vx = ',Vx(I)
WRITE(6,*)' Vy = '.Vy(I)
WRITE(6,s)' I = "I1
STOP 123

ENDIF
Vz = SQRT(A)
time = Wpos/Vz

Y(I)= Y(I)+Vy(l)etime
timei(I) =time+timej(l)

Do 674 J= 1,9
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3 ~Xprime = X(I)*Cangle CI) + YCI)*Sangle(J)
Yprize = Y(I)*Cangle(j) - X(I)*Sangle(j)
Viprixe -Vx(I)*Cangle(J) + Vy(I)*Sangle(i)
VYprime Vy(I)*Cangle(J) - Vx(I)*Sangle(J)

C Check to see if ion goes through a hole.

DO 671 K - 1,7
Rion -SQRT( ( ABSCXprime)-xhCM) )**2.+

( ABSCYprime)-yh(M) )**2. )
IF CRion.le. rh) THEN

time = TposfVz
npass =npass+1XpieV rmste

Ypass(npass+l) = Xprime+Vxprime*timeIps~ps~) pieVpietm
Tpass(npass+1)= timei(I) + time

ENDIF
671 CONTINUE

I674 CONTINUE

3 ENDIF

700 CONTINUE

Ypass C )=FLOAT(npass)
XpasaC 1)=FLOAT(npass)
tpass (1)=FLOAT(npass)

3 '~iihtar--npass

OPEN (1, FILE= target. *orm-'unf ormatted' access= 'sequential'I * STATUS'INEW')
WRITE(1)nions,F~radius, Rc, current, Clen, Rt arget, Tpos, Energy,
* nmass,nq,nilcin~nilc,nihtar,info

DO 315 1=1,20I315 VRITR(1)volt (I) .curr(I) , ioubin(I) ,bend(I) ,Vo(I)
DO 305 I1I.npass+l

305 VRMIEC)Xpass(I) ,Ypass(I) ,Vx(I) ,Vy(I) ,bnusnl) .VoiiCI),
tpass(I),iy(I)

CLOSEMCI
C
C Give the user some info.I, C

WRITECS,*) ---------------------------------------------
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WRITE(6,s)' I ions that hit at the target = ',nihtar
WRITE(6,0)' S ions that hit witness plate = ',nhitvit
YRITE(6,€) ' . ....
uRITE(6.*) info(1:80)
VRITE(6,0)' Diode radius - '.radius
WRITE(6,*) Diode the channel distance - ',F
WRITE(6,*)' Channel radius -' .Rc
WRITE(6,W)' Channel current = ',current
WRITE(6,0)' Channel length - ',Clen
VRITE(6,.)' Channel to witness distance= '.Wpos
WRITE(6,e)' Witness to target distance - ',Tpos

IRITE(6,*)' .---- ------------ -

WRITE(6,0)' S of ions at diode = '.nions
WRITE(6,*)' S of ions lost at channel entrace = '.nilcin
WRITE(6,*)' 2 of ions lost in channel = ',nilc

end

E Plotting of Phase Space Quantities From Out-
put Files

The phase space quantities can be obtained by reading the different output
files. For this work, both PLOT-10 and DISSPLA graphics packages were
used. Sample plotting codes using either of these packages can be found in
the following locations:

e VMD::D7OA:[ROSE.ZDISCHARGE.SHD1 - DISSPLA routines.

e FERMI::DISK1:[ROSE.ZDISCHARGE.SHD] - PLOT-1O routines.
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Abstract

The Laboratory Microfusion Facility (LMF) has been proposed for the study of high-
gain, high-yield ICF targets. A number of transport and focusing schemes are be-
ing considered for LMF. The schemes which have been studied most extensively
Include ballistic transport with solenoidal lens focusing, z-discharge channel trans-
port and wire-guided transport. Transport efficiency -rt has been calculated as a
function of various system parameters so that point designs can be developed for
each scheme. The analysis takes into account target requirements and realistic
constraints on diode source brightness, packing, and beam transport. The effect
on % of voltage ramping for time-of-flight bunching has also been considered.
Results show that transport efficiencies of > 50% can be obtained for all three sys-
teniz with diode-microdivergence (5-10 mrad), diode-radius (10-15 cm), and diode-3 Ion-current-density (2-10 kNcm2) values which seem achievable.

I. Introduction

I A multimodular light-ion inertial-confinement-fusion (ICF) system directs energy from

about 10 to 30 Intense ion beams onto a target for implosion. Each beam is focused and trans-

ported over a distance of a few meters from the ion diode to the target. This standoff allows for

packing the pulsed power generators around the target chamber. It also provides for isolation

3 of the diode hardware from the target explosion and for power compression by time-of-flight

(TOF) bunching.

3 The Laboratory Microfusion Facility (LMF) has been proposed for the study of high-gain,

high-yield ICF targets. 1 A number of transport and focusing schemes are being considered for

3 LMF. 2 The baseline approach is ba!!;stic transport with solenoidal lens focusing 3 ,4 (BTSF),

and alternate approaches include z-discharge channel transport 5 (ZDT), wire-guided transport6

I (WGT), and self-pinched transport7. Because they have been most extensively studied, this

paper will concentrate on BTSF, ZDT, and WGT.

3 Transport efficiency is defined to be the ratio of ion energy which is delivered to the target

to the total ion energy produced in the diode. Transport efficiency has been calculated as a

5 function of various system parameters for each scheme so that LMF point designs can be de-
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veloped. The analyses take into account target requirements and realistic constraints on diode

source brightness, packing, and beam transport. Results show that transport efficiencles of

> 50% can be obtained for all three systems with diode-microdivergence (5-10 mrad), diode-

radius (10-15 cm), and diode-ion-current-density (2-10 kA/cm2 ) values which seem achievable.

Not included in the analysis is waveform efficiency and beam energy losses. The waveform

efficiency accounts for energy in the head and tail of the power pulse which is not usable.

Beam energy losses, which are typically on the order of 10%, are due to beam ion deceleration

in the self-consistent electric fields and the collisional stopping power of the background gas.

11. Ion Source Model

For LMF, lithium ions will be extracted from an applied-B diode. 8 It is assumed that the

ion current density is uniform across the annular anode surface which extends from a radius of

R/2 to R. Ions orbits are bent toward the axis in the diode vacuum region by the self-magnetic

field of the beam. For small bending angles, Ob(r,t) = ocAlv, where wc is the beam ion cyclo-

tron frequency associated with the self-magnetic field in the diode region, v is the ion speed,

and A is the distance from the anode to a transmission foil which separates the diode vacuum

region and the gas-filled, charge- and current-neutralized transport region. There Is no bending

at the inner edge of the annular beam, where the self-magnetic field is zero. Anode shaping Is

used to compensate for the magnetic bending in the diode to provide a forward directed, paral-

lel beam for BTSF or a focused beam for ZDT and WGT. Beam ions are strippr I from Li+ 1 to

Li+ 3 as they pass through the transmission foil. Ions are assumed to leave the diode region

distributed uniformly in a cone of half angle G09 about the average angle Ed = Gb(r,t)+Os(r),

where . is the source microdivergence and Gs(r) refu',ts from the anode surface shaping.

Since (Db varies in time as IN112 , where I is the beam current and V is the accelerating voltage,

es can only compensate for Ob at one point in time. This time is chosen to be when the aver-

age voltage, Vo, is reached. Assuming here that the diode cuirrent scales 9 as I(t) =10[V(t)/Vo]2

and that V increases in time for TOF bunching, it is seen that %s over-compensates for Ob early

in time and under-compensates late in time. This will lead to an inward sweeping of ®d as a

function of time. This model assumes changes in Os in time due to anode plasma motion are

negligible.

The bunching factor is defined as f3 = "o/Tt, where To is the beam pulse duration at the

diode, and Tt is the beam pulse duration at the target. If D is the total path length for the beam

from the diode to the target, then the ideal voltage ramp for TOF bunching 10 is given by
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5 v(t) = v(0) (1)

where T = D/v(0). For these calculations, Vo = [V(0)+V(-ro)]/2 = 30 MeV, D = 400 cm, and

I tt = 15 ns is set by pellet design requirements for a 10 MJ total beam energy. Setting the total

beam energy per module,

IC 
I(It03

E = IVdt =_V (t)? dt (2)
V 0

0

I to (10/N) MJ specifies 10 for given values of ro = Prt and N, where N Is the number of modules.

For LMF, bunching factors of P = 2 - 4 will be required for ion pulse durations of 30 - 60 ns at

3 the diode. The required diode ion current density is derived from Jo = 41ol3nR 2 with R on the

order of 10 cm.

3 Ill. Ballistic Transport With Solenoidal Lens Focusing

For BTSF, the beam Is extracted from the diode parallel to the CAs and is propagated

about 250 cm at large radius. The solenoidal lens then focuses the beam over a distance

F = 150 cm onto a target of radius rt = 1 cm. Since F = rt/O,.Il it is chosen as the smallest prac-

tical target chamber radius in order to maximize allowable E. values. Beam-induced break-

down of the background gas provides beam charge and current neutralization 11 , which is as-

I sumed to be complete. This system is illustrated in Fig. 1. A 30-cm long (Ls), 30-cr. iadlus

(R.) solenoid is used with 25-cm radius flux excluding shields on either side to confine the field

I to the vicinity of the lens. The solenoid radius is limited by packing constraints in the target

chamber wall. The magnetic fic Id strength of the lens is adjusted to provide a 150-cm focal

I length at Vo and is typically about 20 kG on axis at the center of the solenoid. The code

ATHETA1 2 is used to create the solenoidal magnetic field map used for the transport efficiency

I calculations. The diode region is protected from the target blast by a center plug in the solenoid

(not shown in Fig. 1). The outer radius of this plug is determined by the line-of-sight from the

center of the target chamber to the oute edge of the diode. Ions at small radius are removed

from the beam if they strike this plug.

3 The diode and solenoidal lens parameters can be matched to minimize chromatic effects

due to the TOF voltage ramp. For the BTSF system discussed here, this results in the
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focus sweeping (solid curves) and with

Figure 1. Schematic of BTSF system. focus sweeping (dashed curve).

condition A = 0.047R2/lo(MA), where 10 changes with the choices of P and N [see Eq. (2)]. For

ZDT and WGT, A is fixed independently of R or 1o. Because the BTSF system is nearly achro-

matic, the reduction in it due to focus sweeping should be less for BTSF than for either ZDT or

WGT. Constraints on the stripping foil placement due to beam ion angular momentum consid-

erations in an extraction diode1 3 are not considered here, but will be investigated in the future.

The solid curves in Fig. 2 show the calculated transport efficiency 11t as a function of

diode radius R for BTSF without including focus sweeping due to the TOF voltage ramp.

Results are shown for N = 20 and show a decrease in rit at R = 10 cm from about 100% to

about 50% as Gt increases from 5 mrad to 10 mrad. The fall off in 1t for large R is caused by

the increasing gradient in the magnetic field away from the center of the solenoid. 4 This gradi-

ent causes ions at different radii to focus at dif-

ferent axial locations. The dashed curve shows

"1t for = 5 mrad including focus sweeping
o !with j =- 2. The TOF voltage ramp reduces lt

at R 10 cm from about 100% to about 95%.

At larger R, the increasing gradient in the

• • solenoidal magnetic field (i.e., non-ideal lens

2 , , . effects) causes a larger reduction in T1t. Within
Z (r) the constraints of packing, high efficiency could

Figure 3. Plot of rP(r,z) at four points in time be extended to larger R by increasing the

during transport for BTSF. radius of the solenoid. For all three transport
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I schemes discussed here, larger values of P3 further reduce 11t. Figure 3 shows rP(rz) (i.e., the

I beam power density multiplied by r) at four times during tra.isport for the case with N = 20, A =

8 cm, R = 10 cm, (l| = 5 mrad and 3 = 2." For BTSF, P increases rapidly near the target where

E the beam both bunches and focuses.

IV. Ballistic Focusing With Z-Discharge Transport

For ZDT, the anode is shaped to ballistically focus the beam onto the aperture of the

transport channel located a distance F from the diode. Inside the channel, the magnetic field

I associated with the discharge current radially confines the ions. Once focused, the beam then

propagates down the channel with a small radius on the order of the target size. At the exit, the

I beam expanrds slightly over the pellet standoff distance d. The ZDT system is illustrated In

Fig. 4. The low-mass current return wall provides stability for the discharge and results in a

* small but tolerable amount of debris for LMF.1 4 The aperture radius is chosen to be ra = FElt

so that at Vo the full beam enters the channel. Because of the time dependance of ed, the

S focus sweeps Inward in time so that early and late in the pulse some ions will strike the aperture

and be lost. To allow for trapping of the expanding portion of the beam5, the channel radius is

chosen so that rc2 = 2ra2. Unlike the BTSF case where F is restricted by the target chamber

size, F Is allowed to decrease for ZDT as e9 Increases to maintain a channel size on the order

of the target size. Consequently, F = rt2 1/2eA with rc = rt. Finally, a typical channel current of

Ic = 40 kA is chosen. For these calculations, the discharge current density is assumed to be

uniform and complete beam charge and current neutralization is assumed in both the gas-filled

ballistic focusing region and in the transport channel. Packing considerations determine a

POWER 10'0.. - . = 50 m

envelope

"0 r F75 cm

target 40
loiv moss

Ac beam Insulated N 20 moduls
envelope cu nt l 20 el=

K 20 1= Im.5 mrad

S-gas.tuea z-dIschtage-..- .4-.- torl = 40 L =lO0 CM
Apphed- 6 locus~nq tronsport stondott I
vacuum re'on - qos•.led 0 4 8 12 16 20

MOode loit 0 Chante 4 KR (cm)

Figure 5. Plot of Tt vs. R for ZDT without

Figure 4. Schematic of ZDT system. focus sweeping (solid curves) and with
focus sweeping (dashed curve).
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standoff distance of d = rt(N/2)112 between the

channel exit and the target. 5 The length of the

transport channel is given by D - F - d and is on

the order of about 250 cm.

The solid curves in Fig. 5 show T-t versus

R for ZDT without including focus sweeping.
' Results are shown for N = 20 and A = 4 cm,

i and show a decrease in it at R = 10 cm from
Z (M) 4 about 100% to about 40% as G increases

Figure 6. Plotof rP(rz) at four points In time from 5 mrad (F = 150 cm) to 10 mrad (F =

during transport for ZDT. 75 cm). For ZDT, the fall off in it for large R

(at fixed lc) is caused by increased Ion losses to the channel wall as ions enter the channel at

larger angles. This ion entrance angle scales roughly as R/F. High efficiency can be extended

to larger R by increasing IC (to reduce losses to the wall), however, more rapid beam expansion

in the stand-off region eventually limits this.5 The dashed curve in Fig. 5 shows rt for E). =

5 mrad (F = 150 cm) including focus sweeping with P3 = 2. The TOF voltage ramp reduces ilt at

R = 10 cm from about 100% to about 87%. Because eb scales as R- 1 for fixed A, the reduction

in Tt due to focus sweeping decreases as R increases. Figure 6 shows rP(r,z) at four times

during trans-port for ZDT with N = 20, A = 8 cm, R = 10 cm, elI = 5 mrad and 0 = 2. Unlike the

BTSF case, here P increases first near the channel aperture where the beam focuses and

continues to increase as the beam bunches approaching the target.

V. Ballistic Focusing With Wire-Guided Transport

The WGT system is illustrated in Fig. 7. Here, the magnetic field associated with the

current flowing in the gas-embedded central guide wire provides the radial confinement of the

ions. The focal distance and aperture size are chosen for a given 0 in the same way as for

ZDT so that ra = FeO1 = rt/21/2. The wire radius is set at rw = 0.035 cm and a wire current of

Iw = 40 kA is chosen. 6 For WGT, there is no confining wall and the transported beam radius 6i

is given by rb = FO1exp(vR2/2VwF2) where vw = 2Zelw/mic , Ze and mi are the ion charge and

mass, and c is the speed of light. Beam-induced breakdown of the gas in the ballistic focusing

region and in the gas surrounding the guide wire again results in beam charge and current neu-

tralization during transport. Return-current wires are placed around the central guide wire at a

radius of about 1.4 rb in order to minimize losses due to chaotic orbit effects while maintaining
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iFigure 7. Schematic of WGT system focus sweeping (solid curves) and with

focus sweeping (dashed curve).

as compact as possible WGT system radius for packing.6 Because the return wires are placed
I at 1 .4 rb, the standoff distance oecomes d = rbN1 /2 for WGT.

The solid curves in Fig. 8 show Tit'ersus R for WGT without including focus sweepin.g.I Results are shown for N = 20 and A = 4cm, and show a range in nit at R = 10 cm from about

55% to about 75% for between 5 mrad (F = 150 cm) and 10 mrad (F = 75 cm). For WGT,the fall off in nit for small R is caused by ions with small angular momentum hitting the central

guide wire. The fall off in nit for large R (at fixed Iw) is caused by an increase in the beam
radius (beyond the target size) as ions enter the channel at larger angles. Here again, this ion

entrance angle scales roughly as R/F. Losses are bigger for WGT than for ZDT because of thelarger standoff distance and more rapid beam expansion in the standoff region. The more rapid

expansion is a result of larger average transverse ion energies because of the larger averageI magnetic field with the centrally located current in WGT than with the distuibuted current in ZDT.

Because of this more rapid expansion in the standoff region, increasing e for WGT is not as3 effective as increasing Ic for ZDT in extending high efficiency to larger a . The dashed curve in

Fig. 8 shows nit for 1 = 5 mrad (F = 150 cm) including focus sweeping with 13 = 2. The TOFI voltage ramp reduces at R = 10cm fromsses abo 7 o about 60%. Aside from accounting

for somewhat lower itn and showing more rapid beam expansion in the target standoff region,I the beam entP(r,z) for WGT is siilar to that shown for ZDT in Fg 6.

efetv asowerdeasing IFig D netedn ihefcinyt agrR.6 h ahdcrei

VI. Summary

Transport efficiency has been calculated as a function of various system parameters so

that LMF point designs can be developed for BTSF, ZDT, and WGT schemes. The analysis
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takes Into account target requirements. and realistic constraints on diode source brightness,

packing, and beam transport. Focus sweeping due to voltage ramping for TOF bunching has

been considered. Because the BTSF system is nearly achromatic, the focus sweep effect

reduces 71t the least for BTSF (when R • Rs/3). Results show that reasonably high transport

efficiency (> 50%) can be obtained for all three systems with diode-microdivergence (5-10

mrad), diode-radius (10-15 cm), and diode-ion-current-density (2-10 kA/cm 2 ) values which

seem achievable. Initial point design values are eP = 5 mrad, R = 1 5 cm, and Ji = 2 kA/cm 2 .

High ilt can be extended to larger R than displayed in Figs. 2, 5 and 8 by incrcasing Rs for

BTSF, c tar ZDT and Iw for WGT 4 . Eventually this is limited by packing constraints for BTSF

and more rapld beam expansion In the target standoff region for ZDT and WGT. For tho ZDT

and WGT anal; ses presented here, the beam was focused onto the aperture at F near the

midpoint of the voltage pulse (at the time of average voltage). Future work will investigate

optimizing r"t by adjusting the aperture size ra and focal length F to minimize the focus sweep

offect for ZDT and WGT. Minor adjustments of the solenoidal lens field strength will be studied

to optimize ilt for BTSF with focus sweeping. Waveform efficiency and beam energy losses

during transport have not been considered and will reduce the overall efficiency. The sensitivity

of the transport efficiency on the beam microdivergence model also needs to be studied.
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I ION TRANSPORT FOR LMF (P)140
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Abstract Theoretical and experimental research concerning3 three ion transport techniques designed to -neet the
requirements of the Laboratory Microfusion Facility are
described. The three are solenoidal focusing of a drifted Li+3

I beam onto the fusion target, z-discharge channel transport of
a prefocused beam, and a wire-guided channei technique.

I I. INTRODUCTION

The light-ion Laboratory Microfusion Facility (LMF) is based on the

3 focusing and transport of 20 or more, megampere, 30-MeV lithium beams onto

a 1-cm-radius fusion pellet. 1 Beam transport over a 3- to 4-m distance

separating the extraction diode from the pellet is required for time-of-flight

bunching of the 40-ns extracted beam to the 10- or 15-ns pellet-drive duration,

3 and for protection of the diode hardware. Three transport techniques have

been researched to meet this accelerator stand-off requirement: ballistic

transport with solenoidal focusing onto the pellet2 , low-mass, wall-confined z-

discharge transport of a prefocused beam3 "5 , and wire-guided channel

transport&.

The three transport techniques are illustrated in Fig. 1 (not to scale). In

the solenoidal focusing scheme, the extracted beam ballistically drifts several

meters in the charge- and current-neutralizing plasma formed by beam heating

of the gas background. The beam is then focused over a distance F onto the

pellet by a solenoidal magnet located behind the containment vessel wall. The

3 *JAYCOR, Vienna, VA 22180
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Figure 
main advantage

of the solenoidalfocusing 
technique is that no hardware or externally-driven

discharges are required within the containment vessel. Thus, no shot-to-shot

replacement of material is required, and the explosion debris and inventory of

induced-radioactive mass are minimal. These advantages make the

solenoidal-focusinv tchnique most easily extendable to a reactor

configuration. Primary concerns are the small containment vessel, sensitivity

to beam-background interactions that can disrupt transport and focusing, and

the need for proof-or-principle experiments.

The z-discharge transport technique employs a preformed, wall-stabilized

z-discharge of radius rc (comparable to rt) to confine and transport a focused

beam several meters to the pellet. The exit of the discharge must be within

about 10 cm of the target to avoid excessive post-transport expansion with the

resulting poor pellet coupling. Close packing around the pellet then provides

an upper limit to the number of modules that can be employed in LMF. Since

the channel entrance aperture rs must be less than rc, the achievable

microdivergence limits the diode focusing length F to about 1 m. To date, the
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z-discharge technique has been the most widely studied. - Z-discharge

experiments with MeV proton beams at the 100 kA level have demonstrated

efficient particle transport of few-cm diameter beams over several meters.

Advantages of this technique are that transpr't over several meters allows for

3 larger containment vessels, and that separate, optimized gas compositions can

be employed for the discharge and containment vessel. A major concern is the

need for hardware within the containment vessel to establish the discharge.

Work has begun on low mass versions of the discharge hardware to meet LMF

debris requirements.

The wire-guided transport technique is similar to the z-discharge

technique and shares many of its advantages and limitations. The transported

* ion beam is confined by the azimuthal magnetic field produced by a

preestablished axial current flow in ' gas-embedded wire rather than a uniform

z-discharge. In order to minimize both the hardware mass within the LMF

containment vessel and the wire-circuit inductance, the wire current can be

3 returned through a small number Nof wires outside the beam envelope

rather than through a cylindrical annulus. Unlike the z-discharge case, wire-

3 guided transport efficiency cannot be 100% since the lowest angular

momentum ions injected into the transport channel must be lost to the wire.

However, both orbit theory applied to LMF and MeV proton experiments

achieve about 80% particle transport efficiency. 6

I II. BALLISTIC TRANSPORT WITH SOLENOIDAL FOCUSING

A major feature of the solenoidal focusing concept is that the combined

effects of magnetic bending in the diode and bending in the solenoid can lead

to nearly-achromatic focusing of-the-beam onto the target: the focus location is

* close to stationary even though the accelerating voltage V increases in time to

produce bunchina during transport. For a uniform, solid ion beam extracted

3 from the diode s are bent by their self magnetic field in the vacuum diode

according to

I ed(r,t) = 2 Zdeli(t)rd/miv(t)R 2  , (1)

where Zd = 1 is the Li charge state in the diode, e is the electronic charge. li is

the ion current, d is the distance from the anode to the boundary of the

2
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neutralizing background, r is the radius, mi and v are the ion mass and speed,

and R is the diode radius. Since v scales like V112 and Ii varies nearly like V2

7from diode theory , Od increases in time. Additional bending in the solenoid

follows from 2

es(r,t) Zs2e2Bz2r/ /4mi2v2(t) (2)

where Zs = 3 is the Li charge state in background gas, Bz is the solenoidal field

strength, and I is the length of the magnet. For a voltage ramped for bunching,

es decreases in time so that proper cl- *ces of Bz, d, and I lead to a total

bending angle Od + Os that is nearly cons-ant in time and proportional to radius

at the exit of the solenoid. The beam is then focused at the target location

within a radius Ar given by the small time variation in ed + Os , and,

microdivergence
2

Ar = R(AV/V) 2 (L/F) + e) F (3)

where AVN is the fractional change in voltage during the voltage ramp, L is the

ANODE drift length between the diode and solenoid300 4
and F is the containment vessel radius. For3
AV/V below about 0.2, and R = 10 - 15 cm,

"time variations contribute less to Ar than

microdivergence.
"200 Ion orbit simulations of focusing

2 performance of the solenoidal system have

--- • been carried out with the accurate fieldi MAGNETIC LENS
100 •distribution of a 20-kG, 30-cm-long focusing

magnet. 8 A. s.napshat.in.time.fr.om.these.

computations is shown in Fig. 2. Lithium ions

were emitted from a hollow 15-cm-radius

extraction diode with accelerating voltage
0

10 20 3o ramped from 30 to 33 MV. Beam currents of
r (cm) 1 to 1.2 MA were determined from circuit and

Figure 2 diode modeling, and diode bending angles

were calculated from the generalization of Eq. (1) for the self-field distribution in

a hollow diode. Full charge and current neutralization were assumed over total
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transport lengths of 3 and 4 m. Results show that with zero microdivergence,

92% of the 1.57 MJ beam energy was delivered to within a 1-cm radius at the

pellet location. Additional calculations are in progress to determine the effects

of steeper voltage ramps, nonzero microdivergence, net-current in the drifting

beam, and applied - B diode magnetic fields.

A variety oi instabilities associated with the beam-background interaction

have been examined. Plasma two-stream and ion acoustic modes are found

to be stable since the return-current electron drift velocity is much less than the

electron thermal velocity and sound speed. The beam two-stream is

collisionally quenched in the drift region prior to focusing for a parallel ion

velocity dispersion Avz/vz > 0.002 and this quantity is about 0.01 for LMF. This

' threshold is exceeded when the beam is focused to.small radius, but the axial.

dependence of unstable modes washes out instability growth. 9 The

filamentation instability is stabilized for a plasma conductivity a in excess of

* .4xl11 3 Z2 -T(ns)J(kA/cm2 )/AiE 112 (m ad)4)

where Z and A are the ion charge state and atomic numbor, rt is the beam

duration, J is its current density, and Pi is its relativistic factor. For a 30 ns
beam of 30 MeV Li+3, J = 2 kA/cm 2 , and G = 6 mrad, Eq. (4) yields a* =

3.2x1014 s-1 .

An additional constraint on the plasma conductivity is provided by the

need for nearly perfect current neutralization since appreciable self-magnetic

fields in the drifting beam can disrupt transport and focusing. A simple

magnetic diffusion argument indicates that greater than 99% current

neutralization requires that a rise to 1010 s-1 within 1 ns of passage of the

beam. front. The combined effects of- ion impact ionization-, electron

avalanching, and ohmic heating have been studied to determine the growth of

conductivity due to beam passage through the background gas. These

3 calculations show that ion impact ionization alone produces a > 5x1 010 s-1 in

under 1 ns and that the three processes produce a > 10 14 s- 1 in a 10-eV, 1-

Torr He plasma at peak current. Note that this degree of plasma heating is

achieved with less than 50 kJ of deposited energy so that energy losses in the

transported beam are small.

I
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Ill. Z-DISCHARGE TRANSPORT

An idealized z-discharge transport channel carries a uniformly distributed

current (B0 proportional to r) out to an insulating annulus at radius rc. The

channel current Ic required to confine all injected ions within the channel radius

rc is determined from conservation of axial canonical momentum and energy

for.an ion with maximum transverse energy: one entering the channel at the

entrance aperture radius rs from the edge of the anode at radius R. For R/F <<

1, the required current is given by4

Zelc/miv - (R/F) 2 /2[1 - (rs/rc)2 ] (5)

For LMF, 30 MeV Li+ 3 is chosen with R = 10 cm and F = 1 m. Assuming ® I =

7 mrad leads to a focal spot size rs = 0.7 cm. Choosing the channel radius

equal to the pellet radius rc = rt = 1 cm, then leads to IC = 67 kA. In

comparison, the most recent NRL transport experiments employ 1.2 MeV

protons with R=5cm, F=20 to 30 cm, rs=0.85 cm, and rc= 1.25 cm. For

the experimental parameter set with F = 30 cm, Eq. (5) yields Ic = 45 kA, a

typical value in NRL experiments. Although the ion species and energy are

prompt- -;r very different for LMF and the

LJ NRL experiments, the transport
geometries and discharge

woll

ion Current 500% Teflon current are similar.
loop mesh Figure 3 illustrates the

A wilness set-up for a series of z-
,-80o ploae

/ discharge transport

1 -,r experiments employing smaller

-Ipint diode. radii. and.focal. lengths

H}cm-i ,'1~ plole that preserve small R/F. The

-- cmII - proton beam is focused onto
2.5cm id .i the entrance aperture of the

olumr 3 F prompt-)" transport channel by self-

Figure 3 magetic-field bending in the

vacuum diode. The diode vacuum is separated from the gas in the focusing

drift region and transport channel (typically 1 Torr air) by a 1.8-pim-thick

polycarbonate foil. The alumina insulator defines rc and separates the
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.discharge from a conducting tube that returns the current in a low inductance

path that helps to stabilize the plasn- - against MHD modes. The insulator also

provides a breakdown surface tl".' permits the discharge to be struck in a

several-meter-long column of ga,. with a low-voltage (20 kV) capacitor bank.

Magnetic probe measurements demonstrate the current distribution is uniform

within the discharge if the beam is injected into the channel before the

discharge begins to pinch. Timing beam injection in this manner (about 1 pRs

into the discharge current rise for the NRL experiments) also avoids the

development of the sausage and kink instabilities.

3 Z-discharge transport experiments have been carried out in channels of

1.6-, 2.5-, and 4-cm diameter with lengths of 1 to 5 m. Transport efficiency has

been measured using 6 MeV prompt yrays from the the interaction of beam

protons with the fluorine in Teflon targets. 1 0 Two time-of-flight-separated ,-ray

pulses are recorded by a photodiode equidistant between fifty-percent-

transmitting Teflon screens near the transport channel entrance and exit. The

transport efficiency is determined by comparing the observed prompt-y signals

with computed signals derived from beam current and voltage traces, energy

losses in the transmission foil and gas, and the proton-energy-dependent

cross-section for -y production. These measurements demonstrate transport

efficiencies approaching 100% for all geometries with up to 400 kA transported

in the 4-cm-dia. channel. 3

The prompt-y measurements of transport efficiency are imprecise

because of the ser.sitivity of cross-section on proton energy and the indirect

determination of energy losses suffered during transport. For tr reason, a

* second measurement technique with weaker energy dependence has recently

been implemented.to..confirm.the prompt-;, measurements.- Prompt-gamma.

rays created in soria LiF targets by the 7 Li(p,y) reaction activate an adjacent Cu

target via the 6 3 Cu(y,n) 6 2 Cu(+) reaction. 1 1 After the shot, the 10-minute3 half-life beta decay is counted to determine the time-integrated proton flux on

the target. Targets were placed either at the transport entrance or exit

aperture. Yields from front and rear targets were compared once adjustments

were made to compensate for small shot-to-shot variations in the diode voltage

and ion current histories. For ic= 4 5 kA and rc= 1.25 cm in the R = 5 cm

geometry. the transport efficiency was determined as a function of focal

I
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distance F: ilt = 0.59 ± 0.02 for F = 20 cm, 0.83 + 0.02 for 25 cm, and 0.88 -

0.05 for 30 cm. These figures demonstrate the reduction in transport efficiency

expected from Eq. (5) at focal lengths below 30 cm due to loss of confinement

of ions with higher transverse energy.
.3 In a number of transport

experiments, pinhole arrays and

4k witness plates were mounted just

o.2 2- outside the channel exit to sample

the transverse velocity distribution

3 of the transported beam. 3 ,1 2 The
© .1 radial extent of damage spots

associated with each pinhole is a

direct measurement of the radial

velocity sprea.J at the pinhole

0 .5 1.0 1.5 radius: Gmax = S/; = AVr/V, where 8r (cm) mx8q=Arv hr

rm)is the spot radius and ; is the
Figure 4 distance separating the pinhole and

witness plate. Figure 4 compares Gmax measurements on a single shot

(circles) with orbit theory. From conservation of axial canonical momentum for

an ion with ve = 0 that grazes the channel wall and Avr/V << 1,

emax2 = (2Zelc/miv)(1 - r2 /rc2 ) . (6)

The hatched region is a plot of Eq. (6) for the same shot including uncertainties

in ion energy and channel current. Good agreement between transverse

phase-space measurements and analysis indicates that there are no unknown

sources of emittance growth during beam transport so that orbit-theory

extrapolations to LMF conditions can be made with confidence.

A low-mass version of the transport channel hardware is needed to meet

LMF debris requirements. 1 3 To thas end, 2.5-cm-dia. spiral-wound Kapton

tubes with a metal foil outer conductor have been fabricated. The tubes are

droop free over several-meter lengths so that they can be supported only at the

containment-vessel wall. Preliminary experiments 1 4 with 1- and 2-m lengths

have been carried out with channel currents limited to 25 kA by the power

supply. These experiments show 60 - 70% transport efficiency (with higher
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efficiency expected at higher channel current), uniform and stable current

profiles, and phase-space measurements that agree well with analysis.

A variety of theoretical calculations have been carried out for inertial-

confinement-fusion scenarios to determine limits to transportable ion power

associated with instabilities, 1 5 the MHD response of the channel to beam

transit 1 6 , energy loss during transport, channel packing and standoff around

the pellet.5 Power limiting constraints for LMF parameters are summarized in

Fig. 5 for a Li+ 3 beam with accelerating voltage ramped from 23 to 37 MV

100 C to achieve bunching of a 40-ns
channel senergy extracted beam to 10 ns over a

Sloss 3.3-m-long z-discharge channel.

75 I / ,electro- The channel radius is taken to beW '/static
stati 1 cm and a microdivergence of 7

N=1 0 mrad is assumed. Acceptable

N=2 • transported powers are in the

i Nshaded region below limits

25- N=30 associated with the channel-3 *filamentation and electrostatic

0.. ........ instabilities, and a 25% energy

0 0.05 0.10 0.15 0.20 loss due to collisional stopping,
Figure 5RIF and return-current and induced

electric fields. These limits are

compared to the required extracted power per beam for 10, 20, and 30

modules delivering a total of 1000 TW to the pellet with 50 % on-target

efficiency. These considerations indicate that 20 or more modules with R/F of

about. 0-.1 can- satisfy-LMF requiremen-ts- in--a- z-discha-rge-transport

* configuration.

3 IV. WIRE-GUIDED TRANSPORT

Wire-guided transport employs a current-carrying wire rather than a z-

discharge to provide the Be that confines the focused ion beam. The wire

current Iw is chosen so that ions in the transport channel that do not impact the

3 wire must be confined within a specified rc. For R/F << 1, this current is given

by6

I
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Zelw/miv = (R/F)2 /41n(rc/rs). (7)

For the LMF conditions following Eq. (5), lw = 50 kA. In the NRL experiments

with 1.2 MeV protons 7, R = 5 cm, F = 20- 30 cm, rs = 0.75 - 1.25 cm, and wI

= 20 - 30 kA. For F = 30 kA and rs = 1.25 cm, all ions are confined within rc

2 cm during transport when Iw =25 kA.

1.0 Prompt-y measurements

expt'l ane carried out for 1- and 1.5-m-

•.....-'. long wires of radius rw = 0.050.8 - ,w
0.8.40-- cm showed =i-- 75 - 80%

efficient particle transport.
0.6- 20 These experimental result ,

compared to orbit theory

0.4 calculations of losses *o the

rs/rw= 5 wire in Fig. 6, for which ions

0.2- from a solid anode uniformly fill
the entrance aperture. 6 The

0 experimental range determined
0 0.5 1.0 1.5 2.0 from the above parameters is

rniv (R/F) 2  indicated by the shaded region

and the predicted range of "'iFigure 6
agrees well with the

experimental efficiencies.

the. The orbit analysis has also been used to
•,•-•predict the shape of damage patterns from

. pinhole. arrays. and. witness plates--mounted-at-

the exit of the wire channel. Theory (top) andwitness-plate measurements (bottom) are

compared in Fig. 7 for Iw 27 kA and rs =

. . . 1.25 cm for pinholes at three different radii.

Figure 7 The absence of damage on the axis reflects

loss of low-angular-momentum ions to the wire. Comparisons using other iw

and r. values show similar agreement. The similarities in size and shape

indicate that the transverse phase-space distribution of transported ions is
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determined primarily by orbital motion in the applied B0 field without major

perturbations caused by beam-background interactions, instabilities, or

I asymmetries.

NRL experiments employ a large-radius cylindrical current return. For

LMF, a small number Nw of current-return wires (to minimize the debris mass)

mounted at small radius Rw (to permit close packing of transport channels near

the pellet) is being considered. The return wires break cylindrical symmetry so

that the loss of angular momentum conservation leads to irregular motion and

additional losses to the central guide wire. A large number of orbit calculations

in the magnetic-field distribution of the central guide wire and return-current

wires have determined the minimum values of Rw and Nw that do not enhance

losses beyond those occurring in the cylindrically-symmetric case 6 : Nw = 4 and

Rw = 1.4 rc can provide 95% of the ideal transport efficiency. These values

were used in LMF system studies to determine optimal diode, focusing, and

wire-transport parameters.6

100 F= 100 cm In the system studies,
- = 10 kAe =75ma

W OF k 7.5 mrad the injection spot diameter

80- \ 20 kA r-=1 cm
, N=20 modules was determined from the

,\40 kA focusing length F and

I,) xO kA microdivergence 0., and

40- Xthe wire radius was chosen

so that melting did not occur

20 for a wire current rising to !w
in 10 Rts. Choice of diode

0 radius R then determined
0 4 8 12 16 20 me..tra -nspo -r-tin-g beam

R (cm)"

IFigure 8 envelope radius rc and

return-wire radius Rw which, in turn, were used to determine the stand-off

distance from the pellet. Orbit analysis then provided the total transport

efficiency from the diode to the pellet. An example of these calculations is

shown in Fig. 8 for a 1-cm-radius pellet fed by 20, 30-MeV Li-beam modules.

The figure shows 55 - 75% total transfer efficiency for diode radii in the 8- to

12-cm range when wire currents of 40 to 80 kA are chosen. As with the z-

discharge channels, a variety of beam-background interactions will further limit

I
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choices of system parameters. These calculations are in progress for wire-

guided systems.

V. CONCLUSIONS

Three promising transport options for the light-ion Laboratory Microfusion

Facility have been presented. Ballistic transport with solenoidal focusing has

the advantage of a hardware-free containment vessel and is therefore most

easily extendable to a reactor configuration. However, beam microdivergence

limits the vessel diameter to 3 m or less. Calculations indicate that beam

ionization and heating of the neutralizing background are sufficient to avoid

disruptive induced fields and instabilities, but additional calculations and proof-

of-principle experiments are required. Z-discharge transport has been the

most studied concept both theoretically and experimentally. Proton-beam

experiments demonstrate efficient z-discharge transport of focused beams at

discharge currents, channel radii, and lengths comparable to those required for

LMF. Beam-background studies indicate that LMF ignition requirements can

be satisfied with 20 or more accelerators and transport modules, but the need

for discharge hardware in the reaction chamber makes this option more difficult

to extend to a reactor. Similar experimental results and LMF conclusions have

been obtained for wire-guided transport and the required wire arrays may be

easier to implement than the z-discharge hardware. However, the background

gas must satisfy wall-buffer and beam-interaction requirements, and not break

down during the current rise in the wire: conditions that may be difficult to meet

simultaneously. All three techniques require experimental tests with MA-level

Li beams to accurately evaluate beam-backgrournd limitations under LMF

conditions.
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* Development of wall-stabilized z discharges for intense ion-beam
I transport in inertial confinement fusion facilities

David Hinshelwooda)
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The wall-stabilized z discharge has been scaled successfully to the parameters required for a
light-ion-beam-driven inertial confinement fusion facility. The electrical behavior of discharges
with various gas species, pressures, lengths, and currents has been investigated. These
investigations identify the required dielectric strength of the discharge channel wall. A
low-mass, low-Z wall construction with sufficient dielectric strength is demonstrated. The
discharge internal dynamics have been studied using temporal and imaging interferometry,
framing photography, magnetic-field measurement, and spectroscopy. The discharge current
radial profile, and its dependence on discharge parameters, has been diagnosed. The discharge
consists of a magnetohydrodynamically stable, imploding thick annulus. The observed radial
profile explains data from previous transport experiments. Contamination of the discharge by
wall material is found to be negligible during the times of interest. These observations motivate
a zero-dimensional model of discharge behavior. This model reproduces approximately both the
discharge dynamics and the electrical characteristics over a range of parameters. Calculations
indicate tat the beam ions will lose only 10% of their energy during transport through the

discharge in a fusion facility. A conceptual design for a z-discharge transport system is
presented. The results of this work confirm that wall-stabilized z-discharge transport is a viable,
backup approach to transport in a light-ion-beam-driven inertial confinement fusion facility.

* 1. INTRODUCTION pair for focusing the beam.6- Another uses anode surface
shaping to focu:3 the beam ballistically, followed by

Alaboratory microfusion facility (LMF), to allow the pinched-beam propagation along a preionized channel. 9

study of high-gain, high-yield inertial confinement fusion Although solenoidal focusing of intense ion beams has
(ICF) target implosions, has been proposed. A shot rate of been studied,V°' 1 to date neither teclnique has been exten-

-2 shots per day and an operating lifetime of many years sively tested experimentally for a LMF. Beam microdiver-

2 gea:e, imperfect focusing, and beam/background-gas in-
generators are a possible driver for the LMF.2 Beam trans g

port over several meters from the generator to the target is teractions will place an upper limit on the focal length and

required in order to compress, by time-of-flight bunching, 3  thus limit the obtairiab'! target-chamber radius.

the -40 ns extracted-ion-beam power pulse to the 10-15 Wall-stabilized z-discharge transport is an attractive

ns pulse dictated by target implosion physics. Transport is backup approach. A schematic of this technique is shown

also required to isolate the ion source and to buffer the in Fig 1. A thin foil separates the diode vacuum from the

target-chamber first wall from the target explosion, allow- transport system. The Li + ions produced in the diode are
ing the LMF shot rate and lifetime requirements to be stripped to Li 3 by this foil. The ions are ballistically fo-

achieved. In addition, the ion beam must be focused from cused over - 100 cm onto the entrance of the channel. The
the source radius down to the 1 cm target radius. A channel has a length of several meters, a radius nominally
multimodule, light-ion-beam LMF, based on an extension equal to the target radius, and initially comprises a few
of the Hermes III accelerator tcchnology developed at San- Torr of gas enclosed by an insulating wail. An auxilliary
dia National Laboratories, has been proposed.1. 2

,
4 Each circuit drives a tens-of-kA z-discharge through the channel

module uses a roughly 10-cm-radius extraction applied-B gas. A conducting surface on the outside of the insulating
* diode to produce 30-MeV lithium ions with a peak current u•all provides the current return. The conducting wall

on the order of 1 MA. 20-36 modules are used to deliver helps to stabilize the discharge against maenetohydrody-
about 10 MJ of ions, at 1000 TW, to the target %%ith good namic (.MI-D) modes. Surface brcakdov'n Mona the vall
deposition uniformity. initiates the current and allows a long discharge to be cre-

Several transport schemes are being investigated.2-'" ated uith a modest %oltage. The initial surface discharge
The most attractive approaches at present do not require leads to ionization and breakdo%%in of the channel gas Ide-
hardware or externall) driven discharges inside the target ally, a uniform discharge is established %%th a constant
chamber. One such s)stem uses ballistic transport and a current densit. across the channel cross section, at uhich
solenoidal magnetic lens. The solenoid combines with the time the beam is injected. The channel plasma has suffi-
diode self-magnetic-field to produce an achromatic lens cient densmt. to charge and current neuzr.lize the ion

beam. and the ions execute betatronlike orbits in the dis-
""Also with Jaycor. Vienna. VA 22IS2.2270 charge magnetic field The channel-eii-to-iarget di,,ance
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POWER investigated, including discharges with Kapton walls and

FL OW=- b,, n at LMF parameters. These investigations identify the re-
~ .-,. bo• quired wall dielectric strength and a wall construction with

, ; - sufficient dielectric strength is demonstrated. The dis-
- ''' ••,- charge internal dynamics have been studied using temporal

and imaging interferometry, framing photography,
"771 IWe, magnetic-field measurement, and spectroscopy. The dis-

A .. ,, charge current radial profile, and its dependence on dis-

charge parameters, has been diagnosed and is invoked to
odscr-og•e To'g,,- explain data from previous transport experiments. Con-

.. .. ... •o$ ,,fe tamination of the discharge by wall material is evaluated

..... , , and found to be negligible during the times of interest.

Based on these observations a zero-dimensional model of
FIG I Schematic of :-discharge transport approach discharge behavior has been developed. This model repro-

duces approximately both the discharge dynamics and the
is only a few cm and under optimum conditions, essentially electrical characteristics over a range of parameters. The
all of the ions exiting the channel o it the targeti model results are used to help interpret the data, and afford

This approach has several attractive features. The 250- some predictive capability for LMF system optimization.

350-cm-long channel allows for a comparably large target- Initial calculations of ion energy propagation through the350eralon chnne alowsfora cmpaabl lage argt- channel, including beam bunching and the channel re-

chamber radius. The gas and pressure in the channel can channe, indingtbeamt bunchinggandstheachanneltre-
be chosen independently of those in the target chamber sponse, indicate that ion energy losses are acceptable
(and, if needed, those in the ballistic focusing region). Us- (-10%).
ing a higher chamber pressure (- 100 Torr) and larger This work addresses the engineering and discharge
wall radius significantly reduces the wall loading.' Exper- physics issues related to z-discharge transport for a LMF.
iments t 2

,
1 3 have demonstrated efficient ion-beam transport Other alternate approaches, involving wire-guided' 9'20 and

over distances of several meters. Analysis of the ion distri- free-standing z-discharge (no stabilizing wall) 2 s2 " trans-
bution at the channel exit indicates full charge and current port have been studied previously. Transport has been
neutralization of the transported beam. Several theoretical demonstrated in both cases, but there are significant engi-
neutralizatuies n otha e transpob arred beam. S al m tshoretican - neering concerns with both approaches that have not been
studies have also been carried out. Limits to transport-to date.
able beam power arising from microinstabilities and energy adessedeto date.and sysem sudy The general discharge requirements for a LMF are dis-
loss in the channel have been identified, andcussed in Sec. Since the requirements are not precisely
of z-discharge transport for LMF has been performed. determined at this time, the predictive capabreity afforded
Analysis of ion orbits has been used to determine the trans- by the timel wle usedinie apa tit he
port efficiencies for various sets of system parameters. A by the discharge model will be useful in extrapolating the
total particle transport efficiency (diode to target) of 75%- results of this work to possible different choices of dis-
100% is predicted for reasonable LMF parameter values, charge parameters. Electrical behavior of different dis-

The obvious drawback to this approach is that it re- charges is described in Sec. Il1. Section IV describes the
quires hardware in the target chamber Transport experi- internal measurements under a variety of conditions. Dis-
ments to date haite used channels with ceramic walls and charge modeling is detailed in Sec. V Beam propagationment todat ha e sedchanel wih cramc wllsand calculations and a conceptual design of a LM F z-discharge
brass current returns. Such an arrangement is unacceptable calculationssand a concep deig oF a scag
for a LMF because of the shrapnel and activation that transport system are presented in Sec. VI. Finally, a sum-
would result from the target explosion. In principle, the mary and conclusions are given in Sec. VII.

channel mass can be reduced greatly, but the wall must An analogous study of z discharges, but at tenfold
have sufficient dielectric strength to withstand the dis- greater initial radii and several times larger currents, is

charge voltage. The insulating wall can be fabricated from reported in Refs. 23 and 24. That work was, directed to-
material with a high diclectric strength, ward the final, imploded phase of the discharge, uhich is

a low-mass, low-Zmaeilwtahihdecrcsrng,
such as Kapton. Replacing the current return with a thin used for focusing heax)-ion beams."
layer of %apor-deposited aluminum would be straightfor- II. LMF REQUIREMENTS
ward. I.LFRQIEET

In addition to reducing the channel mass, the dis- The exact, optimum set of transport system parameters
charge parameters must be adjusted for LMF. As dis- is not established at present. For example, the system study
cussed in the next section, LMF requires a higher channel in Ref. 18 did not include energy loss in the channel or a
current, smaller channel radius, and longer channel length possible radial nonuniformity in the channel current den-
than in most previous experiments These changes place sity. A complete optimization %\ill depend in part on the
increased demands on the channel-wall dielectric strength. results of the present stork. Howe\er, a fairly narro\% ac-

This paper describes the successful scaling of \%all- ceptable range can be assigned to each parameter. The
stabilized discharge parameters to values required for a channel radius will be equal to, or slightly less than. the

.MF. The electrical behavior of discharges in various target radius; a target radius of 1 cm is assýumed here.
ses at various pressures, length%, and currents has been Beam bunching and pulsed-power geometric packing con-
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cerns dictate a total transport length of about 400 cm. 5

Beam microdivergence will limit the ballistic focusing
length to < 150 cm, resulting in a >250-cm-long channel.
The channel current required to confine thc injected ions
depends on the diode radius, the focal length, the channel >' / I
radius, and the beam radius at the channel entrance. In , / j
Ref. 18 channel currents of 40-80 kA were found appro- N2
priate for LMF. o 2

Several considerations will determine the channel gas .-

* ,"

and pressure. Most important, the channel density no must 0 "
be large enough (i.e., no>'Zbnb) to charge and current neu-
tralize the beam. The 30 MeV. 3 MA (after stripping) ion 1 --3 beam in a 1-cm-radius channel has a density Znb of about \H
2X 101 cm-3. Next, the ion energy loss must be accept- Ar Ne He

ably small. Ions lose energy in the channel by three pro- 0
cesses. 1 First, an axial electric field E,.,, which is necessary 0.5 1 10

to drive the return current through the channel plasma,
decelerates the beam. Second, this return current flowing Pressure (T)
across the discharge magnetic field causes the channel toI'expand, which results, through the generalized Ohm's law, FIG. 2. Calculated collisional plus inductive energy loss for 30 MeV Li'"

ions in a 275-cm-long, I-cm-radius channel with a discharge currert of 60in an additional inductive, axial electric field End. This field kA. A beam current ZLIb of 3 MA is assumed.

also decelerates the beam ions. The inductive field scale-
asI5 Eind c IZ [,/(An 0 4), where 1, is the discharge cur-
rent, Zbb is the beam current in the channel, AP is the 1 DISCHARGE ELECTRICAL BEHAVIOR
atomic weight of the channel gas, and r, is the channel
radius. Third, the ions lose energy in collisions with the Earlier ion-beam transport experiments13 on the Gain-
channel plasma. For a given gas, collisional losses scale ble II generator at NRL used a 120-cm-long, 2 Torr air-
directly with n0. Since collisional losses scale with n0, and filled channel, with a peak current of 45 kA. As a first step
inductive losses scale with l/no, consideration of only in- in scaling to a LMF, the electrical characteristics of 120-
ductive and collisional losses leads to an optimum density cm-long channels were examined for a range of discharge
for a given set of conditions. Resistive losses are more dif- currents, gas species, and gas pressures. The first attempts
ficult to calculate. In general they will be lower at lower at Kapton-walled channels used spiral wound, 2.5-cm-
channel densities because the beam will supply more eV/ diam, 0.025-cm-thick, Kapton tubing.2 6 This tubing, with a
particle to the channel plasma, thereby increasing the con- helical spiral construction in the form of a drinking straw,
ductivity. had only sufficient dielectric strength to support 35 kA

Calculated collisional and inductive kinetic energy currents in 200-cm-long channels, with breakdown occur-
losses for 30 MeV Li+ 3 ions in a 275-cm-long, 1-cm-radius, ring through the spiral seams. Therefore, thick (-0.3 cm)
channel are shown in Fig. 2. This calculation assumes a ccrami'- or acrylic-wall channels, with or without Kapton

channel current of 60 kA and a beam current Zb,,b of 3 liners, were used for most of the shots described in this3 MA. Figure 2 shows that the energy loss is minimized for section. A subsequently developed Kapton wall construc-
Ar, N2, and Ne at pressures of a few Torr. The minima are tion with sufficient dielectric strength is described at the
broad-a factor of 2 change in background pressure end of this section. In all of this work, care is taken to
changes increases the loss by only 25%-and the difference insure uniform static pressure inside the channel.
between gases is rather small. With a different set of system A 45 kV, 1.9 uF capacitor drove the discharge current
parameters or the inclusion of resistive losses the optimum through an inductance external to the discharge of about
pressures will change, but not by more than a factor of a 200 nH. Typical voltage and current wave forms are shown
few. Including resistive losses will increase the minimum in Fig. 3. The voltages are corrected for all inductance
loss (see Sec. VI) and shift the optimum pressure to a outside of the initial discharge radius. For a given charging
lower value. At these pressures, the condition for charge voltage, each gas is seen to have a pressure which results in
and current neutrality is also easily satisfied. a maximum current. At lower pressures the current rises

Another factor influencing the choice of channel gas quickly but plateaus, while at higher pressures the current
and pressure is that the current density should be as uni- rises more slowly. The ma~ximum currents are about 55 kA
form as possible over the channel cross section, because for He and N2 and 65 kA for Ar and Ne. The discharge

incomplete current penetration into the discharge interior voltage at peak current ranges from 20 to 35 kV. Other
will increase the current required to confine the beam. As data show that the effect of capacitor voltage is similar to
Sec. IV will show, this uniformity vanes for different gases. that of pressure. At low charging voltages the current rises

Finally, all other things being equal, the channel gas more slowly; as the voltage is raised the current rises mcre
and pressure would be chosen to facilitate driving the rapidlý but plateaus earlier, resulting in a Jlightl. less than
channel current and to minimize the discharge voltage, linear dependence of peak current on charging xoltage.
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40 Except at the lowest pressures, the breakdown delay

30 - -time is insignificant. Formation of the initial surface dis-
20 charge might be expected to be affected by the driver po-

10 10 T ?:e *. larity or the wall thickness, but no obvious difference is
0 observed between polarities, or when comparing discharges
0 0 0.5 1.0 1.5 00 05 1.0 15 00 0.5 1.0 1.5 7.0 in ceramic and thin Kapton (only) channels.

Time (pzs) Next, LMF-level discharges in N2 and Ne were diag-
nosed. The increased current, increased length, and re-

FIG. 3. Currents (.solid lines) and voltag~s (dashed lines) for discharges duced radius require a more energetic driving circuit. The
in 120-cm-long, 1.27-cm-radius channels with difliercrnt gases and pres- circuit comprises a 1. 1 jIF, 160 kV capacitor bank with 870
sures. nH outside of the initial discharge radius. Wave forms for

a I-cm-radius, 250-cm-long, 10 Torr Ne discharge are
shown in Fig. 4. At peak current the discharge voltage

A dB/dt loop was used to measure the radial magnetic reaches 110 kV Even with the longer channel, the initial
field profile. As in previous experiments,'" the probe was breakdown delay is negligible. Discharges in N 2 at 4-6
located in a 0.64-cm-diam tube, resulting in a rather poor Torr show a higher initial discharge impedance, with a
resolution of 0.6-0.7 cm. Qualitatively, the measurements 15% slower current rise, than those in 10 Torr Ne. Imped-
show that field penietration occurs more rapidly at higher ances at peak current are similar for the two gases.
voltages and lower pressures. These data show that Ne is the most attractive gas

The inductive voltage drop between the channel edge from the standpoint of driving the discharge current, al-
and center, estimated from the magnetic-field measure- though the differences between gases are not great. Slightly
ments, is much less than the discharge voltage. This means higher currents were also obtained in the first series with
that the discharge voltage is mostly resistive and that an Ar than with N2 (see Fig. 3).
axial electric field exists at the channel center well before For both series of shots no significant diffe~rence in
current flows there. Therefore, current penetration into the eleLtrical behavior was observed when Kapton liners w~ere
channel is limited by energy diffusion rather than by present.
magnetic-field diffusion. Initially the conductivity, and The application of a 3 kA, -0.6 ,is prepulse, using an
thus the current density, is much higher at the edge. With additional capacitor and current limiting resistor, does not
time, inward radial eneigy transport raises the conductiv- reduce the voltage necessary to drive the discharge.
ity of the channel interior and resistive division partitions Finally, a Kapton wall construction with sufficient di-
the current among different radii, electric strength was fabricated. To avoid breakdown

This picture explains thec dB/dt measurements and the through the helical seams, the seams were eliminated by
general features of the wvave forms in Fig. 3. The average rolling the Kapton lengthwise. A thicker wall was also
energy/particle is higher at higher voltage and lower pres- used, with a 40 cm width of 0.013-cm-thick Kapton rolled
sure. This results in higher conductivity and an initially to give 6.5 turns at I cm inner radius. The turns were
larger cross section because of faster current penetration. laminated with epoxy. This is a rather primitive technique;
Both of these reduce the discharge resistance. With time, Kapton is available with a heat and pressure sensitive ad-
however, magnetic compression reduces the cross section hesive backing, 2 7 and fabrication of 250-cm-long channels
and increases the resistance [in addition to any id(LJ)/dt with a heated rolling press should pose no problem for
effects]. If the pressure is too low, the reduction in cross industry. Kapton composed 75% of the final 0.1 cm wall
section due to c6mpression offsets the increased conductiv- thickness. A 20-cm-long section of this tube u as joined to
ity and reduces the peak current. the generator end of a 230-cm-long acrylic channel. Several
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ROG~oNSWWWO Al • ODES radius might alter the initial, surface breakdown mecha-
, P ýAMOSnism. The data will show that these concerns are not borne

ITO out.2c'm BAN,',K

The voltages and energy densities in these discharges
N2LAE BEAM 0_ERM-RI require that any probe inserted in the plasma be well insu-

SPCTOSCP lated. To improve on the resolution of previous magnetic-
,N LASER BEAM field measurements, a < 1-mm-diam probe is used, sur-

OUR rounded by a 0.2-cm-o.d., 0.15-cm.i.d. quartz capillary.
which survives the discharge intact. The capillary bridges

PWE• TUBE DELN the channel along a diameter. The two-turn dB/dt loop is
connected to coax by a long, tightly twisted pair. The rest

FIG 5. Schematic of the short-channel experimental arrangement. olution was checked by replacing the discharge with ant
axial, l-cm-diam plastic rod covered with copper tape
which provided a radial 6-function current distribution

shs wThe resolution is about 0.2 cm as would be expected. Ever.
shots were taken with peak voltages across the Kapton of this resolution is sufficiently coarse that optical diagnostics

abou 11 kV afer hic no amae t th Katonwas are required to characterize fully the discharge radial pro-

observed. This wall construction is 16 times less massive fie

than the ceramic wall used in previous experiments. The f Nitrogen-laser (imaging) interferometry provides a
brass current return will also be replaced by a thin layer of ....on te ~~d o th Kt tube A 50- measurement of the line-averaged electron density radial
aluminum on the outside of the Kapton tube. A 250-cm- -profile nsexp iiif Dtais of tiN aser
long channel would be rigid, self-supporting, and have a
mass of less than 120 g. A thinner construction may be and inte e e ry are giwvin m 'ef. 28. The present ex-

possible for these discharge currents, and will certainly be periment requires a larger field of view, probes higher den-

possible if discharge currents lower than 75 kA are re- sities with much larger gradients, and has a much greater

quired. plasma light background, than that in Ref. 28. A beam
expander is used to increase the field and improve the beam
uniformity. A 25-cm-focal-length achromatic doublet is
used to conjugate the discharge with the film plane. The
lens recaptures refracted rays and grazing incidence reflec-

A series of experiments with discharges in short (10 tions from the channel walls. An achromat is necessar.

cm long) channels have been performed. The short length because spherical aberration in a normal lens will degrade

allows interferometric measurements along the discharge the image. Residual uncertainties result from the finite, 10

and facilitates other optical diagnostics. These experiments cm depth of field. At the locations of maximum densitN
have been performed to study the effect of wall impurities gradient, where the problem is most acute, the resultin:
on the discharge and to diagnose the discharge radial struc- uncertainties in spatial location and phase shift are less

ture. A schematic of the arrangement is shown in Fig. 5. than 0.05 cm and one full fringe, respectively. Plasma ligh:
Diagnostics comprise magnetic-field measurement, N2- is preferentially attenuated by spatial filtering, using a 0.5-
and HeNe-laser interferometry, framing photography, and cm-diam pinhole placed at the focal plane of the lens. This
spectroscopy. A 1.9 1 F capacitor charged to 27 kV drives passes rays that are paraxial within 10 mrad, including tht
peak currents of 75 kA through the I-cm-radius channel. <3 mrad refracted light, while rejecting most of the plasm:
On some shots lower currents are used to match the con- light. A spectral line filter further attenuates plasma light-
ditions on Gamble II shots The current rise time is com- The interferograms are recorded on Polaroid type 55 filir.

parable to that of the LMF-level shots in the prelious The direction of fringe shift is calibrated by observing thtI section. Because of the small impedance of the short chan- pattern produced by a convex drop of alcohol on one of thz
nel, the current nse time is not affected by the channel gas, windows.
pressure, or driving voltage. Air, N2, Ne, He, Ar, and CO 2  The N2-laser interferometer is complemented by a
channel gases are used. No significant difference is ob- HeNe-laser (temporal) interferometer %%hich ro.2ides tht
served betmseen discharges in air. N., or CO,. Delnn is the line-axeraged electron densitN at a gixen location :s a func-
channel wall material for most shots. No change to the tion of time. The beam is directed through the-channel at
inner wall is visible after hundreds of discharges. Kapton V'ariou,-iadii with an uncertaint. of about 0.1 cm. Detei-
inserts have been used on some shots, %%ith no significant tion is complicated bN the large spatial and temporal den-
effect on the measurements. T%%o aluminum end flanges sit. gradients involhed, which hate almost twice the effec:
serve as electrodes and quartz optical flats provide optical for the 6328 A HeNe as for the 3371 A N, laser. To record
access. Nine cables at 5 cm radius form the current return, fringes with high contrast ratio the imaged beam size at th..

There are three obvious concerns regarding the rele- channel must be small enough to hate a constant pha:z
vance of these experiments to long channels: (i) the short- shift over its area. A pinhole at the detector images a 0.005-

channel discharges might be influenced by end effects; (ii) cm-diam section of the discharge E'en o'er this small are.
the large current return radius might decrease MHD sta- the phase shift at maximum gradient 'aries by about onz
bility, (m) both the short-channel and the large return full fringe The low beam po\%er density further limir

4585 J. Appl. Phys. Vol 72. No 10. 15 November 1992 249 David HtnshelwoM- 45.z:



- 400"s

101 -- 600 ns .

On-* 700us .

C 06 A 800 ns S"* //

.0.2

.02 A 0 0 . 0' 0
7-. •-" 3-. '• "

.02 00 02 04 06 03 t0Op ll

Radius (cm)

FIG. 6. Magnetic-field profiles for 75 kAM 5 Torr N, discharges. (The
corresponding current trace is shown in Fig. 9 ) t

fringe detection; it is not possible to accept all refracted
light while rejecting'enough plasma light to observe the
signal at later times during the discharge. Limitations re-
sulting from finite beam size, refraction, and plasma light
effectively restrict HeNe-laser interferometry to measure-
ment of roughly the first five fringes. For 5 Torr N2 dis-
charges this corresponds to about 50% ionization.

The discharge is viewed end on with an Imacon 790
camera producing 40 ns frames every 200 ns. Spectroscopic
measurements are obtained with a 0.5 m visible spectro-
graph. A large-diameter, gated image intensifier is used to
provide a coarse timing window of -300 ns. On most
shots the discharge is viewed end on; on a few shots a fiber
optic inserted in the channel wall has been used to view the
discharge side on, halfway along its length.

Inferred magnetic-field profiles for 5 Torr N2 dis-
charges are shown in Fig. 6. The probe location, with an
uncertainty of less than 0.05 cm, is varied randomly shot to
shot to avoid systematic errors. The smooth curves ob-
tained indicate good shot-to-shot reproducibility. The field
is normalized to the nominal value at the l-cm-radius outer
edge. The profiles indicate a radially nonuniform current
density distribution. By peak current (700 ns), current
does not appear to have completely penetrated to the axis
while there is evidence of compression at the edge.

A sequence of N2-Iaser interferograms is shown in Fig. .40
7. Timings are indicated on the current wave form in the
figure. The inte:ferometer is aligned to give horizontal ref- <C,
erence fringes. The channel gas was air at 2 Torr with a
peak current of 40 kA. Interferograms taken with higher
pressures and peak currents exhibit the same features as
those in Fig. 7, but with correspondingly larger fringe
shifts. Free electrons will cause an upward fringe shift in 10
the figure. For a 10 cm path length. one full fringe corre-
sponds to an electron density of 6.5x 1016 cm- 3, or about 0
45% ionization. 0.0 0.4 0.8 1.2

Results of HeNe-laser interferometry are used to cali-
brate absolutely these profiles. For example, signals from Time (its)
shots with the HeNe beam on the channel axis show no
density at the tnies of the first two frames and 10% ion- FIG 7. Nitrogen-laer interferograms tiken at four time%. during 40 KA.
ization at the time of the third frame. By following each 2 Tort air discharges. Timng is indicated on the graph.
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FIG. 8. A summary of interferometric data for 75 kA, 5 Torr N2 dis-
charges. The outer edge, peak density, and inner edge (40% ionization)
locations arc obtained from N 2 laser interferograms. The times at whichthe ionization reaches 40%, obtained from HeNe-laser interferometry, are
shown at three radii for comparison.

fringe, the density is determined absolutely over the chan-
nel cross section.

At 280 ns, plasma is only observed at the outer edge of
the channel. By 470 ns the radius of maximum density has
increased and moved into the channel. Observable ioniza-
tion is still restricted to the outer 0.4 cm radius. By 740 ns,I i at about peak current, the peak electron density is about
three times the initial particle density. The inner boundary
of the ioniz*-d region has moved in, but the inner 0.3-cm-
radius region is still un-ionized. The outer boundary has
been compressed to 8 mm radius. There is a hint of fringe
reversal at the outer edge, indicating the presence of high-
density neutral material. The density calibration for neu-£ trals depends on the material, but for C and H the density/
fringe is about ten times higher at this wavelength than
that for free electrons. At 970 ns the channel has been
compressed to 0.6 cm radius and ionization has reached 80
the center. The outer neutral cloud has moved in 0.1 cm. K 1---U-*

a" The most striking feature here is the annular density pro- p
file; at no time is the density uniform across the eotire ? 60
channel cross section. The implosion is also seen to pro-
ceed with good azimuthal symmetry. 40 ,

The data in Figs. 8-11 below were obtained from shots
with 5 Torr N2 at 75 kA peak current. Interferometric data I

are summarized in Fig. S. Three radii are plotted for each ') 20
i shot, corresponding to the outer edge, the density maxi- -fi

mum, and the inner edge of the density profile. as mea- 0
sured by the N, interferometer. The last is defined as the 0.0 0.4 0.8 1.2
radius at which the ionization fraction has dropped to 40%
(two fringes at 5 Torr initial pressure). The large squares
represent HeNe interferometric data from shots with dif- Time (ps)
ferent laser beam radii. Each square indicates the time
when the ionization fraction reaches 40% at the laser beam
radius; data from both interferometers are seen to be in
good agreement. The data also indicate good shot-to-shot FIG Q A seqjuenLc o. cnd-vie%ý framing photugraphs taken during

reproducibility. kA. 5 Torr N: dicharges Timing is indicated on the graph
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FIG. 12. The luminosity outer and inner edges, obtained from framing
photography, compared with the interferometric data in Fig. 8. The lo-
cations of peak current Jensity derived from dB/dt probe signals are also
shown.

2cm
A few shots were taken usiug a 1-cm-inner-radius

acrylic channel, permitting a side view of the entire dis-N1
charge, except for the regions inside the electrodes. Fram-
ing photographs from 5 Torr air, 75 kA discharges are

FIG. 10. Two side-view framing photographs taken dunng 75 kA, 5 Torr shown in Fig. 10. The highly axially uniform luminosity
N2 discharges. The first frame was taken with greater luminous gain. The shows that MHD instabilities are absent. End effects are
times correspond roughly to the first and third frames in Fig. 9. also unimportant; evidently the discharge connects to the

electrodes inside the electrodes themselves, which make up
20% of the total channel length. Finally, the photographicTypical end-view framing photographs are shown in aditreoercdt hwta radw ntae

Fig. 9. These are entirely consistent with the interfero- ang terfac as it does intthes0 along the surface as it does in the long channels. These
grams, showing luminosity first at the edge, and then in an results remove the concerns stated at the beginning of this
imploding annulus. Like the interferograms, these show section.
azimuthally symmetric implosions. Electron and current density profiles are compared for

two times in Fig. 11. The electron density profiles are ob-
tained from analysis of individual interferograms. The cur-

4 5 rent density profiles are calculated from the magnetic field
n data in Fig. 6. The two are in general agreement. An un-

3 physically finite current density is inferred at inner radii
: 4 ' where the electron density is negligible. Since the heavy

" 2. particle density inside the annulus must be comparable toC. -- -. the initial density, the ionization fraction and conductivity

SU in this region' must be very low. The discrepancy is attrib-

60 , ,' uted to the limited probe resolution and illustrates the im-
670ns" portance of the interferometric measurements. The appar-

3 / .. , ent current density near the channel edge may be real. The
. ,• sensitivity limit of the interferometer is about 1-2X<1016

S'" " -3,
2 cm ,so that there may plasma with a low absolute den-

sity, but a high degree of ionization, outside the com-

/ pressed annulus.

0__ , Interferometric, magnetic-field, and photographic data
.10 .06 .02 0.2 0.6 :0 are summarized and compared in Fig. 12. The inner and

outer radii of observed luminosity are compared with the
Radius (cm) interferometric measurements of the inner and outer edges

FIG. I I The eleciton density profile obtained from N2 (solid lines) and in Fig. 8, and with the radii of peak current density in-
HeNe-laser interferometry (squares), compar, with the current density ferred from dB/dt probe data. All the data are in reason-
profile denved from the dB/dt probe signals (dashed lines), at two times, able agreement.
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40% Radius (cm) FIG. 14. A comparison of luminosity inner and outer edges for 1.27-cm-
radius, 2.8 Torr N 2, and 1.0-cm-radius, 5 Torr N 2 discharges.

FIG. 13. A summary of interferometric data for N2 discharges with
various currcnth and pressures. The electron density outer edge is plotted
against the inner edge (40% ionization). Most of the "mixed" category was assumed in Ref. 13. In this case the current IcJ neces-
were 5 Torr, 75 kA discharges. sary to confine the beam scales as

N+1
Changes in pressure and/or driving current which in- Ich 2 [1 (ra/rc)+ , (N)

crease the rate o," discharge compression (i.e., lower pres-
sure or higher current) are also observed to increase the where r, is the aperture radius at the channel entrance and
rate of inward penetration of the discharge in air/N 2 dis- rc is the channel radius. A best fit to the data is obtained
charges, as was also inferred from the dB/dt measurements with N about equal to 3. In the Gamble II experiments
in the previous section. Therefore, it is not possible to op- r,,=0.85 emn and r,= 1.27 cm. With N= 3, Ic• is about 1.4

timize the radial uniformity by varying these parameters. times that required for N= 1. The results of this work
This is illustrated in Fig. 13. Each point on the graph is suggest that a better description of the field would be that
obtained from an interfercgram taken during an individual produced by an annulus of constant current density. By a
shot. For each interferogram, the outer edge radius is plot- similar analysis to that in Ref. 13, using conservation of
ted against the inner edge (40% ionization) radius. These canonical axial momentum, the required channel current is
data represent shots with peak currents ranging from 40 to calculated to vary as
87 kA and pressures ranging from 2 to 10 Torr of N2. 1 l(2)
Points with a given inner radius correspond to different I4h 1 _ in0 (2)
times, depending on the current and pressure. Within the I - (27i/?)In(rIr0)

experimental scatter the points lie on a universal curve. In where r, and r, are the discharge outer and inner radii. The
order to obtain current penetration in to 4 mm radius, for 45 kA, 2 Torr air, 1.27-cm-channel-radius discharge in
example, one must accept compression to about 8 mm ra- Ref. 13 had a similar risetime to those studied here. Data
dius. from corresponding discharges in the present experiments

Subject to packing constraints, it may be possible in a indicate that the annulus in the Gamble II experiments had
LMF to start the discharges in slightly larger channels in inner and outer radii of about 1.2 and 0.7 cm at the time of

* the hope of achieving a more uniform profile by the time at beam injection. For these radii, Eq. (2) also predicts a
which channel compression to the target radius occurs. required current about 1.4 times greater than that for a
Figure 14 compares luminosity data from the shots in Fig. linear profile, in reasonable agreement with the experimen-
12 with those from shots with a larger wall radius but a tal results.
similar gas inventory. Given outer radii are associated with No effect on the discharge is observed when a 0.0025-
about the same inner radii in both cases, so that using a cm-diam tungsten wire is installed on the channel axis, or
slightly larger wall radius provides little advantage. Pack- when the shot is taken during a dc discharge established
ing constraints will preclude the use of channels with much with a Tesla coil. Nor is uniformity improved by the use of
larger wall radii. a 3 kA prepulse. Driving the prepulse for I uis before the

These data explain results of previous transport exper- main discharge has no effect other than accelerating both
iments on Gamble 11.13 In those experiments, analysis of the compression and penetration by about 100 ns. Driving
the transpqrt efficiency and of the ion trajectories at the the prepulse for 3 lis results in a pronounced azimuthal
channel exit indicates a relatively hollow magnetic field nonuniformity, as shown in Fig. 15. Preionization tech-
profile. For analytical simplicity a power-law profile B a r~v niques such as a dc discharge, wire initiation, 29 or laser
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FIG. 15. Framing photograph taken near peak current during a 5 Torr
N2, 75 kA discharge with a 3 kA, 3 lis prepulse. FIG. 16. Electron density profiles obtained from N2-Iaser interferometry

for different gases at two times.

initiation 21 ,22 enhance breakdown but do not by themselves compared in Fig. 17. These data also show a more rapid
create a highly conducting current path. It is likely here current penetration with Ar.
that the enhancement associated with streamer propaga- Side-view spectra obtained with a fiber optic at the
tion along the channel wall is greater than that provided by channel midpoint are identical with those viewed end on.
the above methods, so that the discharge will continue to All significant spectral line emission from the first -900 ns
initiate along the wall. originates from the fill gases. A spectrum taken very late,

The scaling of penetration with compression is not sur- at 2 irs, shown significant carbon emission, presumably
prising. Penetration results from inward energy transport from wall material, only at the outer few mm of the chan-
which increases the inner conductivity. Inward energy flow nel. Identical spectra were obtained from shots with
will increase at higher discharge current, and specific heat- Delrin-, Kapton-, and ceramic-wall channels These data,
ing of the channel interior will be greater at lower particle together with the interferograms which show only a thin
density. Compression wvill scale roughly with I161M where layer of material at the channel wall during the first 700-
M is the mass density. Therefore, for a given gas species, 800 ns, indicate that significant contamination of the dis-
compression and penetration will exhibit the same qualita- charge with wall material does not occur during this time.
tive scaling with discharge current and initial gas pressure. The spectroscopic data here do not permit quantita-
Since compression scales inversely with mass density and tive, time resolved measurements of line intensity ratios.
heating scales approximately inversely with particle den- Qualitatively, analysis of the spectra suggests that the ion-
sity, current-density unifomnity should be increased (i.e., a
broader annulus should result) by using a higher atomic
"weight gas. This indeed is observed, as shown in Fig. 16.

Electron density profiles from shots with four gases are 1 2 Solid.- Ar 5 T
compared at two times. A wider ionized region is observed 1 0
for Ar, and a narrower region for He, than for N2 dis- Open - N, / T

terferograms. The measured density profile (see Fig. 16) is

The ioniA zsatg ion racto c an bes peustiaed from 1t.eEin-ro dest/r/lsotie ro 21sritreoer

used to determine the discharge inner edge. It is assumed.

that the initial gas is undisturbed inside the inner edge 0d
radius. Then, the density profile is integrated from the in-urrent penetrationwithAr.

ner edge to the channel wall, and the resulting electron by ca

inventory is divided by the original gas inventory in that .0.2se

region. This calculation happens to be rather insensitive to wal 00 oZ a t b 0e m 0

the assumed location of the inner edge. Estimated average Radius (cm)

ionization fractions at peak current are roughly I .1 for N2, FIG 217. A comparison of magnetic-field profiles for 5 Torr N, and 5
0.75 for Ne, 1!6 for Ar, and 0.3 for He. Torr Ar discharges, both at 75 kA. The times are the same as those in Fig

Magnetic-field profiles for Ar and N2 discharges are 6.
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ization fraction is higher with N2 than with Ne, which is in as the shell, ranging from the compressed outer radius r. to
agreement with the interferometric data. Around peak cur- an inner radius r,. Within the shell the current density,
rent the ratio of N iII/N II ions is estimated to be > 1, particle density, and temperature are assumed to be con-

giving Z= 1.5, which is somewhat more than that esti- stant. The electron and ion temperatures are assumed to be
mated from the interferograms. equal. (Since most of the internal energy goes into ioniza-

If compression of the discharge outer radius can be tion, and since kinetic pressure effects are seen to be fairly
tolerated, the problem of incomplete current penetration small, the results are relatively insensitive to the equipar-
can be alleviated simply by using a sufficiently long rise tition between T, and T,.) Inside r, the material is assumed

time for a given channel pressure and peak current. One to be undisturbed and cold. The channel resistance/length
effect of the compressed discharge radius is to alter the is given by the plasma resistivity divided by the cross sec-
magnetic-field profile. As the discharge inner radius tion. Compression of the outer radius is determined by
reaches the axis and the outer radius compresses to a frac- magnetic pressure, kinetic pressure, and inertia. The resis-
tion of the channel radius, the field profile approaches that tivity is determined by a simple Saha model and ohmic
of a wire on axis. Transport in this profile requires a lower heating. Rather than attempt a similaritylike model for
current to confine the beam but results in increased ion inward penetration of the current, the inner radius is just
radial velocity at r=0, leading to a more rapid beam ex- assumed to move from r,=0.95R 'o the center at a con-
pansion between the channel exit and the target.19 This stant velocity from t=0. This velocity is estimated based
assumes, however, that ions whose orbits pass between the on the interferometric data; the results did not depend
discharge outer radius and the channel wall remain con- strongly on this velocity. Note that this "velocity" is not
fined. Confinement requires that the ions be charge and necessarily connected with radial particle motion.
current neutralized in this region. Only a small fraction of This model differs from other zero-dimensional Z-
the initial density no need remain outside the compressed pinch models31 3 2 in that the shell width varies with time
annulus in order to charge neutralize the beam, and the and can be a significant fraction of the shell radius.
ions could also drag electrons out from the discharge, so All gases are assumed to be initially monatomic with a
that charge neutralization is reasonable to assume. Current specific internal energy of 3 eV/heavy particle (the results
neutralization may be more difficult. There are several is- are fairly insensitive to this parameter). A Saha-like calcu-
sues associated with passage of the return current through lation is used to derive the ionization balance: The first
the rarified region outside the compressed discharge, such excited level is assumed to be in local thermodynamic equi-
as instabilities and anomalous resistivity, that would need librium (LTE) with respect to the next stage, and that
to be investigated. level is coupled to the ground state by both collisional and

At present, argon appears to be the optimum channel radiative processes, using standard rate formulas. This for-
gas for a LMF because it allows the most radially uniform malism results in Saha-like equations relating ground
dischrges and because it is associated with slightly lower states; for the conditions here the results are not too dif-
ion energy loss than the other gases considered (see Fig. ferent from those for . are LTE. Two excited states are
2). Ion energy loss due to the resistive electric field asso- included in the partition function calculations although
ciated with the return current is a possible concern with these have negligible effect nn the results. The calculated
argon since it will be more resistive during the ion beam ionizatioa distributions are used to derive the charge state
pulse than the other, lower-Z gases. Z, internal energy E,, and resistivity -q, as functions of the

electron temperature Te. Spitzer parallel resistivity is as-
V. DISCHARGE MODELING sumed because of the high collisionality under the present

Efforts are presently directed toward modeling the dis- conditions. In calculating the electron-neutral resistivity.
charges, and their response to the injected ion beam, with the cross sections for electron-neutral collisions are esti-
the ID radiative transport MHD code Z-PINCH.

3 0 One- mated from data in Ref. 33. The calculations are then in-
dimensional modeling may provide an estimate of the den- verted to express Z, T, and 7 as functions of E,. Calculated
sity of material left behind th,. :z'!apsing annulus, give a resistivit:,es are shown in Fig. 18. Another reason for the
better idea of the exact radial magnetic-field profile, and rapid relative current penetration in argon is seen here-
predict the resistive ion energy loss. In the interim, calcu- The resistivity decrease with c, is weakest for this gas.
lations with two simple models have been carried out: (i) %N hich facilitates resistive penetration or the current.
A zero-dimensional discharge model of the discharge alone The discharge model is incorporated in a transmission-

has been developed, with the goal of reproducing both the line circuit code.34 The assumed current density profile is
long channel impedance behavior and aspects of the short- used to calculate the time-varying magnetic flux in the
channel experiments, and (ii) ion-beam propagation channel, this appears as an inductive term in the code
through the channel has been calculated, including beam Radiative loss and compressional L.,ating were not in-
bunching, channel heating, channel expansion, and chan- cluded in most runs. Spectroscopy indicates that the dis-
nel resistivity evolution. The first model is described in this charge is optically thin away from resonance lines. Adding
section and the second in Sec. VI. a loss term equal to 10% of the blackbody value, which

Breakdown is assumed to occur in a thin layer adjacent should be an upper limit, has only a small effect on the
to the channel outer radius R. Subsequent current flow is results Adding an average compressional heating term lia'
assumed to occur within an annulus, henceforth referred to a neghgible effect on the results for the first pts, and a small
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10 100 FIG. 20 Corresponding code predictions for a 10 Torr Ne, 75 kA dis-
charge.

eV/Heavy Particle

The upper line indicates the calculated outer edge motion.
FIG. 18. Results or equation-of-state calculations used in code modelng Good agreement with data is observed. Changing the mass

by : 30% in the code results in an obvious disagreement
with the data. This confirms that a significant quantity ofeffect after that. Nonemuilibrium effects are also not in- wall material does not enter the discharge, and that most of

eluded in the atomic physics model. Ionization equilibria the initial mass is contained in the compressed shell. The
may not be completely established on the timescale here, dark squares represent the average charge state in the shellparticularly for He and Ne. Incomplete ionization will re- obtained from the observed electron density profiles. The

sult in a lower resistivity for a given E,, as more energy will lgtares r epresent th ectrondingscod pre s.0 light squares represent the corresponding code predictions.
go into T,. Errors from neglect of all of the above effects Good relative agreement is observed although the code
will be within the inherent inaccuracy of a zero-
dimensional code. generally overpredicts the ionization derived from the in-

Figures 19-22 show results from modeling the short- terferograms by about 40%. The code predictions for N2

channel experiments for different gases. The dots on each are consistent with the spectroscopic results, however.
Long-channel impedance behavior is modeled in Figs.graph display the interferometrically measured inner and 23 and 24. Calculated and observed currents, for the shots

outer edge locations. The inner edge locations are used to in Fig. 3, are compared in Fig. 23. The inner edge pene-
determine the inner eage penetration velocity assumed by tration velocities are estimated based on extrapolations of
the code; this assumed penetration is indicated by the the short-channel data; thus no free parameters are ad-
lower line on each graph. (Again, the code results are notstrongly affecteh by the choice of penetration velocity.) justed to optimize the fit to the data. Good qualitative andquantitative agreement is observed, at least until just past

peak current. The LMF level discharge in Fig. 4 is modeled
in Fig. 24. Again, good agreement is observed until peak

10 current. The discrepancy at later times could not be ac-

081 0*o , ,, ------- "- , -.---

.06t00j-1
0.4

0o 0 _ . . . ...._______"_ -0 02• i02 040r

Time (INS) Ar-T,

o i . -•--•-----

FIG. 19. Code predictions for a 5 Torr N, 75 kA discharge. The dots 0 0
00 02 04 06 08 100

indicate the outer and inner (40% ionization) edges of the interferomet-
rically measured density profile. The lines display the inner edge motion Time (us)
input to the codeand the outer edge motion predicted by the code. The
squares indicate the average charge state derived from miterferograms FIG. 21. Corresponding code predictions for a 5 Torr Ar. 75 kA dis-
(solid) and predicted by the code (open). charge.

4592 J. Appl. Phys., Vol 72, No. 10, 15 November 1992 256 David Hinshelwood 4592



iw U
101 5oo 10T Ne 200

30 1260
063

, 04 Z 11 8., =O 0 -- *:co >

I i20 40S02

He2IT T0
02 0 2 0 00 05 10 1.5

00 02 04 06 08 10
Time (ss)I ~Time (jis)

FIG. 24. Predicted (solid lines) and observed (dashed lines) currents

FIG. 22. Corresponding code predictions for a 21 Torr He, 75 kA dis- and voltages for the shot in Fig. 4.

charge.

MV) voltage pulse and a 1.2-MA-peak current pulse. To
counted for by modeling thermalization of the implosion; it account for losses in the diode and at the channel aperture
could be indicative of current flow outside the shell, per- an ion current of I MA at the channel input is assumed.
haps along the channel wall. In any case, channel behavior The ion beam is time-of-flight bunched over the distan:e
past peak current is not relevant for LMF applications, between the diode and the channel, and over the channel

length. The local channel expansion is determined by the
VI. BEAM PROPAGATION CALCULATIONS ion current and the kinetic pressure. Transverse Spitzer

resistivity is assumed; heating during the ion-beam pulse
An axially resolved calculation of ion-beam propaga- will reduce the plasma collision frequency to a value muchIstion and channel response has been carried ou n to estimate less than the cyclotron frequency. The resulting collisional,

resistive energy losses in an argon channel. The ion-beam inductive, and resistive losses are used to calculate the rate
parameters at the charnel input are based on projected of energy deposition in the plasma. Channel resisti' ity ev-

LMF wave forms.35 .1 hese comprise a ramped (27-33 olution is determined by the balance between heating and
radiation.

Since LTE would not be expected at the higher tem-
70 i peratures here, the ionization balance is taken from resultsI T Air I T At 10 THe 3
60 of a collisional-radiative equilibrium (CRE) calculation. 6

50 (Inverting this calculation yields a resistivity as a function
40o . of internal energy that differs from the LTE prediction by
30 

1  less than 20% over the region of interest here. A purely
20 / coronal calculation 37 would yield a lower resistivity as a

'0 fu_ .rArinction of internal energy, as less energy would go into

4 T Air __4 T At 6T Ne An accurate prediction of the radiative loss requires

•50 detailed GRE modeling including opacity effects and is
beyond the scope of this work. CRE calculations of radia-S0 tion from argon plasmas have L .en performed,36'38 but only

30for temperaturs above 100 eV, so that M-shell radiation

i 1 1o ~was not considered. The only predictions including M-shell
radiation knowii to this author result from optically thin.0 

39

8 T Air 12 T Ar coronal equilibrium calculations,39 and so these are used in
so -this modeling. Extrapolating these to the densities in the
40 ]present work will lead to an overestimation of the radiative

\, loss. Comparisons of the predictions from Refs. 36-39 sug-

30/ 1 gest that the coronal alculations overestimate the L-shell
20 { radiation by a factor of a few, and the M-shell radiation by
to 10 T Ne more than that.

000 050 100 5o 0d0 05 10 iS o0 05 10 1S 20 Results from one calculation are shown in Figs. 25-27.
The system parancters for this case are: 100 cm focal

Time (ps) length; 300 cm channel length; 60 kA chaanel current; 2

currents for the shots in Fig. 3. reduced diameter is used to compensate for return-current-
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FIG. 25. Calculated ion-beam powers, with and without resistive energy FIG. 27. Calculated resistive, inductive, collisional, and total dE/dx at 30
loss, after propagating for 100 cm in the ballistic focusing region and then cm before the channel output, for the conditions of Fig. 25.
through a 2 To,: Ar, 300-cm-long, 60 kA discharge. The assumed input
power is also .. town.

beam front, where the plasma is coldest. Slowing the ions

driven expansion; the pressure is chosen to restrict expan- at the beam front enhances the time-of-flight bunching,
tThis pressure is which more than offsets the 1.5 MeV resistive energy loss.

cscie to that for minimum collisional and inductive energy Figure 26 shows the calculated bunched beam (parti-
c•c.e. Ion-beam powers at the diode and at the channel cle) current, electron temperature, and radiated power at

output are shown in Fig. 25. Output energies of 0.55 MJ in 30 cm before the channel output. The first peak in radiated
the first 10 ns and 0.75 MIi the first 15 ns are calculated, power ccrresponds to M-shell radiation which is burned
at an average ion kinetic energy of 27.5 MeV. The 2.5 MeV through in a few ns, as the electron temperature quickly

reaches 100 eV. At this time the argon is ionized to Z.
average energy loss reprsenms ,% of the initial energy. 10.
Cold collisional-stopping cross sections from Ref. 40 wereused enancd soppng as nt cnsiere hee. ti- The calculated resistive, inductive, collisional, and to-
used; enhanced stopping was not considered here. Esti- tld l xa 0 cnfo h h n e up taes o ni

mates based on Ref. 41 suggest that the enhancement will tal dE/dx at 30cm from the channel output are shown in
be less than a fact': of 2, increasing the energy loss by (0.6 Fig. 27. If a slightly larger increase in channel diameter

MeV. Also, stopping in the 100-cm-long ballistic focusing could be tolerated, a somewhat lower gas density could be
region is not included; with 2 Torr Ar this will add another used which would reduce the total energy loss.

0.3 MeV to the energy loss. To check the sensitivity of these calculations to the

The third curve in Fig. 25 shows the results of a cal- assumed radiative rate, calculations were performed with

culation with the resistivity artificially set to zero. While the rate arbitrarily doubled, and with the rate set to zero.

resistive energy loss accounts for about 60% of the total The results from both differed negligibly from those in

loss, it actually increases the calculated output power. This Figs. 25-27. The time dependence of the atomic physics is

increase occurs because the resistive loss is greatest at the not treated here; the effect of time-dependent ionization
will be to allow more of the internal energy to go into the
electron temperature, further reducing the resistivity.

3 Thus, the simple modeling here indicates th:. resistive en-

, I , - ' -.ergy loss is rjot expected to preclude the use of argon as the

" T, I channel gas.
The discharge model in Sec. VI is used to define the

1 00 -necessary driving circuit. An initial channel-wall diameter
of 1. 1 cm is used, in order to isolate the discharge from the

E U thin, < I mm layer of cold material at the channel wall. A
0.50 p, circuit, comprising a 140 kV, I IF capacitor and 600 nH

""""inductance external to the 3-cm-long channel, ispre-S' -,, •dicted to drive the required 60 kA by 700 ns. At 700 ns the

0. oco 0 _ discharge radius has compressed to the value of 0.9 cm
o 45 150 i51 160 165 1"0 used in the above calculation, and the voltage has reached

Time (ns) 100 kV, below the value at which Kapton walls have al-

FIG. 26. Ca':ulated bunched beam (particle) current, electron temper- ready been tested.

ature, and radiated po%er at 30 cm before the channel output. for the Figure 28 shows a conceptual design of a z-discharge
conditions of Fig 25. transport system based on the above calculations. Two
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j cs explain data from previous Gamble II experiments. Radial
uniformity is increased with a higher-atomic-number gas,

/ ,,toc• e.g., argon.

--ACT•--I" =,The discharge continues to remain MHD stable during
___T -the time of interest. Except for a thin layer at the channel

Ji."DMC outer radius, wall material does not contaminate the dis-
charge during the time of interest.

_ _ , ••,/ A zero-dimensional model of the channel behavior has
. !] • • been developed. The model reproduces approximately both

the discharge dynamics and the dectrical characteristics
over a range of parameters. The model has adequate pre-
dictive capability to be used as a tool in an ultimate LMF
transport system design study.

FIG. 28 Conceptual design of a z-discharge transport system for a LMF Argon is associated with maximum radial uniformity
and minimum (collsional plus inductive) energy loss. Cal-
culations indicate that the higher resistivity of an argon

Marxes operating in parallel drive the discharge currentt discharge, compared to lower-Z gases, will not result in anEach consists of two, 1 iF, 70 kV capacitors and is about unacceptable additional energy loss. The calculated total
150 x 40 X 50 cm 3 in size. Each Marx is connected to the ion energy loss in a 2 Torr Ar z-discharge transport system

channel by a section of high-voltage (rigid, if necessary) is about 10% of the initial ion energy.

coax. The two coaxes join the channel in a pressurized SF6  Engineering concerns about driving the discharge in a

housing. Sliding vacuum seals and current contacts in this LMF have been addressed: The required wall dielectric

housing allow the channels to be replaced quickly. The srg has been idenied and aelig ei wall

total inductance can easily be kept within the 600 nH as- with sufficient dielectric strength has been demonstrated

sumed in the circuit calculation. In fact, with minor design The discharge driver requirements are modest.

effort a single Marx of the same size, with higher-energy- Based on these results a conceptual design for a z-

density capacitors, ;ould be used instead, discharge transport system for a LMF is presented. This

The z-discharge approach has the advantage of allow- system allows a large, 275 cm target-chamber radius and a

ing different gases and pressures to be used in the channel, high-pressure fill gas, both of which reduce damage to the

target chamber, and (if desired) the ballistic focusing re- chamber wall.

gion. If needed, the output ends of the channels could be The rslth
hed ogterbyalo-msssheiclhode. hs ole The results here, along with those from the system

held together by a low-mass spherical holder. This holder study in Ref. 18 and the transport experiments in Refs. 12
would assure proper alignment betweeo the channel ends and 13, demonstrate that wall-stabilized z-discharge trans-

and e t nd could, if necessary, iolate the channel port is a practicable backup approach for beam transportIand reactor gases. With the channels thus connected, a in a light-ion-beam-driven LMF.

single pumping system could regulate the channel gas pres-

sure. The z-discharge approach also allovs a relatively
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Current Neutralization of Intense MeV Proton Beams Transported iN Low-Pressure Gas
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This paper reports on the first experiments designed to study ion-beam-induced gas ionization and
subsequent conductivity growth using intense proton beams transported through various gases in the I-
Torr pressure regime. Net-current fractions of 2% to 8% are measured outside the beam channel. Ion-
ization is confined predominantly to the beam channel with ionization fractions of a few percent.
Analysis suggests that net currents are larger inside the beam channel and that fast electrons and their
secondaries carry a significant fraction of the return current in a halo outside the beam.

PACS numbers: 52.40.Mj. 41.85.Ja. 52.25.Jm, 52.65.+z

3 In ion-driven inertial confinement fusion (ICF), it is can result from high electric fields at the beam front.
necessary to transport intense ion beams over several me- Fast electrons created by these processes can have mean
ters to isolate the ion source from the target explosion free paths on the order of the beam radius, lkading to
and to allow for focusing and time-of-flight bunching. nonlocal secondary ionization. A significant nonthermal
Several light-ion ICF schemes [11, as well as some electron population, which persists for the beam pulse
heavy-ion ICF schemes [2,3], envision ballistic (i.e., duration, can also alter the plasma conductivity. Thus,
field-free) transport and focusing of the beam in neutral collisional processes involving both thermal and fast dec-
gaq. This is possible if rapid beam-induced gas ionization trons are important in this intermediate regime, and resis-
leads to formation of a plasma with conductivity sufficient tive models, which do not treat fast electron effects, are
to charge and current neutralize the beam during the inadequate. Results of theoretical modeling of these ex-
pulse duration [41. Complete charge neutrality is expect- periments using the DYNAPROP [Il] and IPROP 1i21
ed; however, large net currents could arise which would codes are presented to evaluate the importance of these
shift, and possibly degrade, the beam focal spot [5,61. effects. These codes are described when the modeling re-
The conmuctivity must also be sufficient to avoid beam suits are presented.
filamentation instabilities 17,8] which could disrupt the The experimental arrangement is shown in Fig. 1. A
beam tail. The required conductivity growth results from l-MeV proton beam, generated in vacuum with a pinch-
ion impact ionization, secondary electron impact ioniza- reflex diode [13] on the Gamble 1I generator is injected
tion, electron avalanche breakdown, and late-time Ohmic through a 2-pum-thick polycarbonate foil into a collimatur
heating. consisting of two 3-cm-diam apertures separated by 40

The primary light-ion scheme for the proposed Labora- cm. The collimator region is maintained at 1-Tcrr air to
tory Microfusion Facility uses ballistic transport with provide reproducible injection into the transport region.
solenoidal lens focusing of I-MA, 30-MeV, 40-ns lithium A l-kA/cm 2 beam exits the collimator through another
beams 191. A typical beam current density before focus- 2-pum-thick polycarbonate loil, and the interaction of this
ing is of order I kA/cm 2. Helium at l-Torr pressure is
suggested for the background gas to satisfy the above re-
quirements while minimizing collisional energy loss and P .'wr ,sL r9N&WKTZFQM

scattering of the beam. Transport in this I-Torr regime POLYCARBONATE FOIL 8,VISIBLE LIGHT
is not well understood. This paper reports on the first ex- A PHOTODIOE
periments designed to study ion-beam-induced gas ioniza- 1m POLYCARBONAT'EFOIL ..
tion and subsequent plasm a conductivity grow th in this G ASA

This pressure range falls between the high-density re- TR

gime treated by resistive models, and the low-density re- A .
gime treated by collisionless models. To vnderstand this - ---- ---- -- 40cm NET CURRENT

intermediate regime, additional physics must be con- •dBdi MONITOR

sidered. Fast electrons created by beam-ion impact ion- VA,'AJM H,•SCESE CARBON

ization (i.e., knockon electrons [101 or delta rays), which BEAM Ph SALToSHAKER

act to neutralize beam current for ion beams, could be FIG. 1. Experimental arrangement of the pinch-reflex diode
important for intense beams. Also, rtnaway electrons (PRD), the collim~ator. and the transport region.
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FIG. 2. Visible-light image of the ion-beam excitation of 250 - 25
helium at 5 cm into the transport region. The beam is incident b) Transport Region -hot 5400
from the left. 20 Not

Z 150 Current is 15

of Ion

beam with different gases in the transport region is stud- ¶) 100 C 'urrent 10
ied. 1 0

The beam itself is characterized using several diagnos- -

tics at various distances from the collimator exit. The 0 i

number of protons in the beam is measured by carbon ac- so 100 150 200
tivation [141. A "salt shaker" detector located 26 cm Time (ns)

beyond the collimator exit is used to minimize blowotT FIG. 3. (a) Ion-voltage and ion-current traces in the diode
loss of radioactivity [15]. The beam size and uniformity and (b) time-of-flight shifted ion currt~nt compared with mca-
in the transport region are determined from ion-induced sured net-current and visible-light traces.
Ka x-ray images of aluminum targets, and from damage
patterns on plastic witness plates. The beam profile is
also recorded after transport over 170 cm in gas using this pulse for proton time of flight results in the ion-
chlorostyrene radiachromic film shielded by a 6.4-pom current pulse in Fig. 3(b) in the transport region. This
thickness of aluminum. These measurements indicate a pulse includes only protons above the 460-keV thick-
uniform beam of 50-mrad divergence with a penumbra target carbon-activation threshold and is normalized to
extending to 75 mrad, consistent with the collimator the number of protons determined from this activation.
geometry. The energy distribution of ions in the beam is This pulse duration is evaluated for each shot to deter-
measured using a stacked-foil diagnostic as described mine the average proton current in the transport region.
below. The net-current trace and the visible-light emission begin

Interaction of the beam with the gas is diagnosed using when the ion beam reaches the transport region.
photometry, magnetic-field measurements, and inter- The energy spectrum of the proton beam is measured
ferometry. Visible light emitted from the gas is moni- in I-Torr air with a carbon-activation foil stack located at
tored with a photodiode and a framing camera. A 170 cm from the collimator exit. At this distance, a stack
visible-light image, recorded 5 cm beyond the collimator of ten 2-pm-thick polycarbonate foils with a 1.8-pm-
exit with a 400-ns gated camera, is shown in Fig. 2. This thick aluminum cover survives, and the 13N activity in
image is uniform with no apparent structure. Net each foil can be measured after the shot. A foil area of
currents are recorded with a dB/dt monitor located 13 124 cm 2 is used to provide measurable activity. The ac-
cm downstream of the collimator exit and outside the tivity in each foil, produced by the 37-keV FWHM
beam envelope at 4 cm radius. A HeNe interferometer I2C(p,y)13N resonance at 460 keV, is unfolded using
using heterodyne phase detection is used to determine the the range-energy relation for protons in polycarbonate
electron density [16]. This technique provides high sensi- (C16HI 4O3) to give the solid l-istogram in Fig. 4. The
tivity and signal-to-noise ratio at the expense of time width of each step in this histogram corresponds to the
resolution. The sensitivity for this setup is limited by the energy interval over which protons activate that foil in
noise-equivalent-average density of 5x 1014 cm -3, with a the stack. This spectrum has been shifted up in energy to
time resolution of 25 ns. The path of the interferometer correct for energy loss in the aluminum cover on the
scene beam is 5 cm from the collimator exit as shown in stack. The dashed histogram is the spectrum determined
Fig. I. from the diode current and voltage for this shot. It has

Data from a typical shot are shown in Fig. 3. Current been shifted down in energy to correct for energy loss in
and voltage traces in the diode [Fig. 3(a)] indicate that a the two polycarbonate foils and air in the collimator and
50-ns-duration, > 400-kA ion pulse is generated with transport regions. Note the 400x difference in these two
most of the ions in the range of 1.0 to 1.2 MV. Adjusting scales. The spectral intensity in the transport region is
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10 o.4 TABLE I. Net current and electron density measurements.
9 Shot 5478

1.04 MeV Proton Peak net Electron
3 ,- Pressure current current density

Gas (Torr) (kA) (kA) (l0ol cm -3 )

0 Ne 0.34 4.5 0.11 ...
2 1.0 6.3 0.20 1.6

4P .: Ar 1.25 6.4 0.22 ...
S4.0 4.6 0.17 2.6

a ... 2... Air 0.25 4.8 0.18 ...

0'.. 1.0 6.9 0.21 0.9

He04 06 08 10 12 14 6

Proton Energy (MeV) 1.0 6.8 0.32 0.7

FIG. 4. Histograms of proton number vs proton energy in 4.0 5.9 0.47 1.5I the transport region deduced from stacked-foil activations
(solid) and from the diode current and voltage (dashed). Aver-
age energies f,." these histograms are indicated.

the collimator exit. Net current wave forms from the
dB/dt monitor have current rise times of 15 to 50 ns and

only a small fraction of that in the diode and corresponds decay times of several hundred ns. The uncertainty in the
I to somewhat lower-energy protons. Average energies for peak net currents is estimated to be + 10%. Net-current

these two spectra differ by about 100 keV. Since most of fractions range from 2.3% to 8.0%. The local electron
the protons have energies less than I MeV and the deute- density is obtained by dividing the interferometrically
ron fraction in the beam is unknown, no correction is measured line density by the 3-cm beam diameter. Peak
made for carbon activation by deuterons [141. electron densities are of order 1015 cm -3 and correspond

Simulations using a ray-trace code and a diode model to ionization fractions of 0.6% to 4.6%. For 0.25-Torr
[171 for the pinch-reflex diode have been carried out to gas pressure, electron densities are too small to be mea-S calculate beam transport through the collimator and into sured. Negligible line density (less than the instrument
the transport section. Experimental diode voltage and sensitivity) was observed when the scene beam was locat-
current wave forms and a beam microdivergence of 125 ed about 1.5 cm off center, indicating that ionization is

i mrad at the anode were used to generate the time- largely confined to the beam diameter.
dependent ion distribution function. Complete charge DYNAPROP and IPROP simulations were carried out to
and current neutralization of the beam are assumed and evaluate beam-induced net currents and electron densities
ion energies are corrected for losses in the foils and gas. in helium. DYNAPROP is a I D code which uses a resistive
Ions which hit aperture plates or walls are removed from model to treat plasmas created by beam interaction with
the simulation. Results predict beam currents, radial high-density collisional gases. Beam dynamics is de-
density profiles, and divergences which agree with those scribed by envelope and emittance equations; the plasma

I observed in the transport region. The predicted energy density, temperature, and conductivity are determined by
spectrum, however, agrees with the dashed curve in Fig. 4 rate equations; and the net current is calculated with a
rather than the measured spectrum (solid curve). An circuit equation. IPROP is a 3D hybrid code which treats
electric field induced at the beam front by a rising net beam ions and fast electrons (above 100 eV) as particles.
current could explain the lower energy of the measured The remaining electrons are treated as a resistive medi-
spectrum. Higher-energy ions, which reside at the beam um, while plasma ions are represented as a stationary
head, would be slowed by this induced field. Because background. Rate equations are used to create electron-

I complete current neutralization is assumed, this energy ion pairs and Maxwell's equations are used to solve for
loss is precluded in the simulations. If this is the correct the fields. Because azimuthal symmetrN is assumed,
explanation for the observed energy spectrum, the down- IPROP was used in 2 4- D mode.

I shift would be considerably less at the collimator exit Results are compared with the measurements in Table
than at 170 cm downstream where the measurement was II. For all three pressures, IPROP predicts a net current
made. inside the dB/dt probe (r-4 cm) that is within 30% of

Net currents and electron densities were measured for the measured value. However, IPROP predicts a net
helium, neon, and air at pressures ranging from 0.25 to 4 current within the 1.5-cm beam radius that is a factor of
Torr. Peak values of these measurements are given in 3 larger than the measured values. DYNAPROP calculates
Table 1. From shot to shot the average current of the in- the effective net current (a radially averaged currentE cident proton beam ranged from about 5 to 7 kA corre- weighted by the beam current density), which is predict-
sponding to current censities of about 0.7 to I kA/cm 2 at ed to be somewhat larger than the IPROP current within

I 
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TABLE i1. Comparisons with theory for helium.

Net currents (kA) Electron densities (101" cm -3)
Pressure Measured IPROP IPROP DYNAPROP Measured IPROP IPROP DYNAPROP
(Torr) (r-4cm) (r-4 cm) (r -1.5 cm) (r = 1.5 cm) (line average) (r-0) (r-!.5cm) (r-0)

0.25 0.31 0.31 0.9 1.3 ... 0.2 0.2 0.2
1.0 0.32 0.39 1.0 1.5 0.7 1.0 0.6 0.7
4.0 0.47 0.63 1.6 2.1 1.5 3.2 1.8 1.9

the beam radius. The small net current at the probe loca- III D. Mosher et al., in Proceedings of the Eighth Interna-
tion observed in [PROP is a consequence of fast electrons tional Conference on High-Power Particle Beams, edited
carrying a significant fraction of the return current in a by B. N. Breizman and B. A. Knyazev (World Scientific,
halo outside the beam. These electrons create additional Singapore, 1991), p. 26.
ionization at large radius which contributes to the return [21 C. L. Olson. J. Fusion Energy i. 309 (1982).

current. These comparisons suggest that fast electrons [31 Proceedings of the Conference on Heary Ion Inertial

play an important role in return-current conduction, and Fusion, Washington. DC. 1986, AlP Conf. Proc. No. 152
(American Institute of Physics, New York, 1986).

that the magnetiE field within the beam channel is larger [41 C. L. Olson. in Proceedings of the 1990 Linear Accelera-
than that measured outside the beam envelope. An tr Conference, Albuquerque, New Mexico, September
effective net-current fraction of about 25% in the ray- 1990 (LANL Report No. LA-12004-C), p. 396.
trace calculations mentioned earlier would be required to [51 J. A. Swegle and S. A. Slutz, J. Appl. Phys. 60, 3444
down-shift the high energy edge of the calculated spec- (1986).
trum to match the solid histogram in Fig. 4. This frac- [61 D. J. Johnson et al., J. Appl. Phys. 58, 12 (1985).
tion is consistent with IPROP and DYNAPROP predictions [71 C. L. Olson, in Proceedings of the 1991 IEEE Conference
within the beam. Both IPROP and DYNAPROP predict on Plasma Science. Williamsburg. Virginia. June 1991,
electron densities that are in reasonable agreement with IEEE Conference Records-Abstracts, edited by K.
the measured values. Schoenbach (IEEE, New York, 1992). p. 165.

In summary, I-MeV, l-kA/cm2 proton beams have (81 E. P. Lee et al., Phys. Fluids 23, 2095 (1980).
Ieen tnsuhryh he l , n[91 P. F. Ottinger, D. V. Rose, J. M. Neri, and C. L. Olson. J.

been transported through helium, neon, and air act pres- Appl. Phys. 72, 395 (1992).
sures ofO.25 to4Tort. Smallnet current fractions of 2% [101 R. F. Hubbard. S. A. Goldstein, and D. Tidman, in
to 8%, are measured outside the beam channel. Ioniza- Proceedings of the Heavy Ion Beam Fusion Workshop.
tion is confined predominantly to the beam channel where b.rkeley, California. 1979, edited by W. B. Her-
ionization fractions are only a few percent. Analysis of mannsfeldt (Lawrence Berkeley Laboratory Report No.
the beam energy spectrum after transport suggests that LBL-10301, 1980), p. 488.
larger effective net currents exist inside the beam chan- [111 See R. F. Hubbard et al., NRL Memorandum Report
nel. Similarly, IPROP and DYNAPROP calculations predict No. 7112, 1992 (National Technical Information Service
net currents in the beam channel 3 to 5 times larger than Document No. ADA256070). Copies may be ordered
measured net currents. Outside the beam channel, [PROP from the National Technical Information Service.
predicts small net currents in agreement with measure- Springfield, VA 22161. The price is $17.50 plus a $3.00

handling fee. All orders must be prepaid.
ments. Fast electrons and their secondaries carry a [121 B. B. Goifrey and D. R. Welch, in Proceedings of the
significant fraction of the return current outside the beam Twelfth Conference on Numerical Simulations of Plas-
(although their density is low compared with the plasma mas (Lawrence Livermore National Laboratory, San
electron density within the beam channel). More exten- Francisco, CA, 1987), Paper CMI.
sive experiments and modeling are required to develop [131 S. i. Stephanakis ez al., Phys. Rev. Lett. 37, 1543 (1976).
sufficient understanding of beam-induced gas ionization [141 F. C. Young, J. Golden, and C. A. Kapetanakos. Rev. Sci.
and conductivity growth in this pressure regime to con- Instrum. 48, 432 (1977).
fidently scale results to ICF scenarios. [151 A. E. Blaugrund and S. J. Stephanakis. Rev. Sci. 1ns'rum

The expert assistance of J. R. Boiler and B. Roberts in 49, 866 (1978).
supporting these experiments is appreciated. This work [161 B. V. Weber and D. D. Hinshelwood, Rev. Sci. Instrum.63, 5199 (1992).
was supported by the U.S. Department of Energy [ 51M e a9.

through Sandia National Laboratories. 117] J. M. Neri et al., Phys. Fluids B 5, 176 (1993).
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SURVEY OF RADIOACTIVITIES INDUCED BY LITHIUM IONS

I. Introduction

Nuclear reactions produced by lithium ions which lead to

radioactive products are surveyed for application to experiments

with intense pulsed lithium beams. Experiments using lithium

beams have been carried out at Sandia National Laboratories on

the PBFA II generator and are planned for the Sabre generator.

3 In this survey, radioactivities induced in the commonly used

materials, carbon, aluminum, steel and brass, are identified. In

addition, radioactivities induced in the alloy, titanium 6-4, are

identified because this alloy is used in the ion-diode region of

the Sabre generator. Experiments on the PBFA II generator

indicate that the lithium beam is primarily singly-ionized 'Li.

This beam is produced from natural-abundance lithium which is

3 primarily 7Li (i.e., 92.5% 7Li and 7.5% 6Li). Therefore,

reactions induced by 6Li nuclei are not included in this survey.

The diode voltage on the Sabre generator may be as high as 10 MV,

and experiments on PBFA II have achieved voltages of up to 15 MV.

Therefore, lithium beams with energies of up to 15 MeV are

5 considered in this survey.

In Sec. II, the nuclear reactions on these targets which

3 produce radioactivity are listed, and the decay properties of the

radioactive nuclei are identified. In a survey of the published

literature, measured yields have been reported only for one of

these reactions, but measurements for other lithium-induced

reactions indicate that the reaction yields are dominated by the

Coulomb barrier in this energy range. Yield estimates based on

Coulomb-barrier penetration are presented in Sec. III.I
II. Survey of Nuclear Reactions

Nuclear reactions with positive Q-values which lead to

radioactive residual nuclei are identified in this survey.

Lithium-induced reactions leading to the following products are

considered: n, p, d, t, 3 He, c, 6Li and 6He. The tabulation of

Q-values by Keller et al.1 is used as a guide to identify

U Manuscript approved April 14. 1992.
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positive Q-value reactions. Since the Q-values in Ref. 1 are

listed with only two-significant-figure precision, the Q-values

in this survey are calculated to four-significant-figure

precision using atomic masses from Ref. 2. The reactions and

their Q-values are listed in Table I for carbon and aluminum, in

Table II for titanium 6-4 alloy, in Table III for steel, and in

Table IV for brass. The natural abundance of each isotope is

also listed.

For the alloy targets, this survey only includes target

isotopes for which the product of the isotopic abundance and the

alloy prop6rtion exceeds 1%. The titanium 6-4 alloy consists of

90% titanium, 6% aluminum, and 4% vanadium. The steel target is

assumed to be #304 stainless with a 70%-iron, 20%-chromium, and

10%-nickel composition. For brass, a 67%-copper and 33%-zinc

composition is assumed. Each of these elements consists of

several stable isotopes with significant fractional abundances.

The target isotopes for which the product of the isotopic

abundance and the alloy proportion exceeds 1% are expected to be

the primary sources of radioactivity. In addition, reactions

which produce the long-lived isotopes 5 5Mn (T, - 3.7x10 6 yr), "9Ni

(Th - 8xlO yr), and 6 3 Ni (Th _ 102 yr) are not included in this

survey. Unrealistically large ion-beam fluences would be

required to produce significant activities of these long-lived

isotopes. The decay mode of each residual nucleus is identified

as 1- for electron decay, 1÷ for positron decay, and c for

electron capture. For 0-decay, Ea is the and-point energy of the

O-spectrum, and E. is the energy of the most intense y-ray(s)

associdted with the decay. The symbol 5 2 mMn in Table II refers

to a metastable state where 5 2 Mn is the ground state. The decay

modes, half-lives, end-point energies and y-ray energies are

taken from Ref. 2. The most intense y-decays are identified from

Ref. 3.

III. Nuclear Reaction Yields

For each target isotope, at least one reaction with a

positive Q-value of several MeV is listed. Reactions with

positive Q-values are allowed by kinematics for any bombarding

2
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I
I
I.
i Table I

Radioactivities Induced by 7Li Ions on Carbon and Aluminum1
3 Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half E E
tope d7ance (MeV) Mode Life (MeV) (MeTV)

12C 98.9% l2C( 7 Li,n)laF 5.96 V 110 min 0.63 0.51

I 3C 1.1% 13C('Li,p) 1 9 0 7.41 1- 27 s 4.60 0.20

1.36

3 1 3C(7 Li,cc) 1 6N 9.92 - 7.1 s 4.3 6.13

13 C(7Li,2n) 1 8 F 1.02 i 110 min 0.63 0.51

2 7 A1 100% 2 7 A1(7Li,p) 3 3P 16.76 - 25 da 0.25 -

I 2 7Al(7Li,d) 3 2 P 8.89 1- 14 da 1.71 -

2 7 AI(7Li, 3 He) 3 lSi 5.74 a- 2.6 hr 1.49 -

I 27A1(7Li,GLi)2 8Al 0.48 A- 2.2 min 2.86 1.78

I3

ii

1
l
I
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Table II 3
Radioactivities Induced by 'Li Ions on Titanium and Vanadium

Target Nuclear Reaction Residual Nucleus I
Iso- Abun- Reaction Q-Value Decay Half Ea E7
tope dance (MeV) Mode Life (MeV) (MeV) I
"4 6 Ti 8.0% 46Ti('Li,n) 5 2 Mn 13.42 0+ 5.7 da 0.57 1.43

4 6 Ti() Li,n) 5 2 H1n 13.04 93 21 min 2.63 1.43 1
46Ti(TLi,d) 5 1 Cr 9.10 C 28 da - 0.32

46Ti('Li,CE)4 9 V 16.31 C 331 da - - I
4'Ti(7Li,2:i-WIMn 2.90 13 46 min 2.2 0.51

4 6 Ti("i' ,tn)4 8 V 4.76 8÷ 16.0 da 0.70 1.31 1
4'Ti 7.5% 4'Ti(7Li,t)s5 Cr 6.48 £ 27.7 da - 0.32 3

4'Ti('Li,2n) 5 2 Mn 4.54 ÷ 5.7 da 0.57 1.43
47Ti(7Li,2n) 5 2 rmn 4.16 13 21 min 2.63 1.43 5
'4Ti(7Ii,2p)5 2 V 6.84 1- 3.8 min 2.5 1.43

47Ti('Li, Cn)49V 7.44 C 331 da - - 3
4 8 Ti 73,7% 4 8 Ti('Li,n) 5 4 Mn 13.91 E 312 da - 0.8:- 3

'aTi('Li, 3 He) 52V 2.93 0- 3.8 min 2.5 1.43

4 8 Ti(7Li,2p) 5 3 V 4.03 - 1.6 min 2.4 1.00 I

49 Ti 5.5% 4 9 Ti(0Li,p.Cr 14.17 - 3.6 min 2.59 -

4 9Ti(7Li, 3 He) 53V 3.60 I- 1.6 min 2.4 1.00

4 9 Ti(?Li,lX) 2V 15.36 1- 3.8 min 2.5 1.43 3
4'Ti(7Li,2n) 4 Mn 5.76 C 312 da - 0.835

49 Ti( Li,2p) 5 "V 1.40 •- 43 s 3.0 2.21 1
continued
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Table II Continued

Radioactivities Induced by 7Li Ions on Titanium and VanadiumI
Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Eo E7
tope dance (MeV) mode Life (MeV) (MeV)

3 5 °Ti 5.?% 5 °Ti(7Li,n)5 6Mn 12.31 0- 2.6 hr 2.85 0.847

I 5 °Ti('Li,p) 5 6 Cr 11.48 0- 5.9 min 1.5 0.083

I5 Ti(7Li,d) 5 5 Cr 5.45 1- 3.6 min 2.59 -

3 5 0 Ti(7Li, )S 3 V 13.23 1- 1.6 min 2.4 1.00

5 °Ti('Lian) 5 2 V 4.42 I- 3.8 min 2.5 1.43

i 51 V 99.8% 5 1 V(7Li,p) 5 7Mn 12.90 0- 1.6 min 2.56 0.122

3 5 1 V(7Li,d)5 6 4Mn 6.48 I- 2.58 hr 2.85 0.847

SlV( 7 Li, 3 He)ssCr 2.89 0- 3.6 min 2.59 -

3 5 1 V('Li,2p)s 6 Cr 3.42 0- 5.9 min 1.5 0.083

S1V(7LisLi)5 2V 0.06 1- 3.8 min 2.5 1.43

I
I
I
I

I.5
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Table III

Radioactivities Induced by ?Li Ions on Chromium, Iron and Nickel

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay half Eo E7
tope dance (MeV) Mode Life (MeV) (MeV)

5 2 Cr 83.8% S2 Cr( 7 Li,n) aCo 11.26 c,0 71 da 0.47 0.81

5 2 Cr( 7 Li, 3 He) 5 6Mn 1.47 - 2.6 hr 2.85 0.847

5 2 Cr(*'Li,2n) 5 'Co 2.69 C 271 da - 0.122

! 2 Cr('Li,2p) 5 Mn 2.40 - 1.6 min 2.56 0.122

5 2 Cc( ' Liczn) 5 4 Mn 4.55 E 312 da - 0.835

5 4 Fe 5.8% 54 Fe( 7 Li,n) 6 °Cu 8.94 1+ 23 min 3.77 1.76

1.33

5 4 Fe('Li, 3 He) 5 1Co 3.57 c,1÷ 71 da 0.47 0.81

5 4 Fe( 7 Li, c)" CO 15.58 C 271 da - 0.122

S4 Fe( Li,ocn) 5 6 Co 4.20 V÷ 77 da 1.46 0.847

54 Fe( Li, 6 Li) 5 5 Fe 2.05 C 2.7 yr - -

5 6 Fe 91.7% 5 6 re( Li,n)6ICu 9.04 0* 9.8 min 2.93 0.51

5 6 Fe("Li, 3 He) 6 0 Co 1.02 0- 5.3 yr 0.321 1.17
1.33

s6 Fe(?Li,2n) 6 Cu 0.14 04 3.4 hr 1.22 0.51

5 6 Fe(7Li,2p) 6 :Co 2.65 a- 1.65 hr 1.24 0.068

5 6 Fe(7Li,cxn) 5 sCo 3.64 c,0 71 da 0.47 0.81

continued
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Table III Continued

K Radioactivities Induced by 7Li Ions on Chromium, Iron and Nickel

I
Target Nuclear Reaction Residual Nucleus

3 Iso- Abun- Reaction Q-Value Decay Half ET EY
tope dance (MeV) Mode Life (MeV) (MeV)

57Fe 2.1% 5 7 Fe( 7 Li, 3 He) 6 1 Co 2.73 1.65 hr 1.24 0.068

5 7 Fe( 7 Li,a)c°Co 13.96 - 5.27 yr 0.321 1.173 1.33

5 7 Fe( 7 Li,2n)6 2 Cu 1.40 13 9.8 min 2.93 0.51
5 7 Fe('Li,2p)' 2 Co 1.68 0- 14 min 2.88 1.17
5 7 Fe( 7 Li,2p)62nCo 1.30 0- 1.5 min 4.1 1.17

I 5 Ni 68.3% 5sNi(QLi,n) 6 4 Ga 5.54 0+ 2.6 min 6.05 0.51

3 5 Ni(7Li,d) 6 3 Zn 3.76 I+ 38 min 2.34 0.51

5 *Ni(7Li,t)62 Zn 0.85 C,O' 9.3 hr 0.67 0.51

3 SSNi( 7 Li, 3 He) 6 2 Cu 2.56 1÷ 9.8 min 2.93 0.51

"Ni( 7 Li,a)"'Cu 14.24 1Y 3.4 hr 1.22 0.51

3 5 Ni(Li,cxn)6 0 Cu 2.56 93 23 min 3.77 1.76
1.33

I 6 °Ni 26.1% 6 0Ni(7Li,n)6 6 Ga 6.07 81 9.5 hr 4.15 0.51

5 6 ONi(7Li,d) 6 5 Zn 3.22 v 245 da - 1.115

6 ONi(7Li, 3 He) 6 4 Cu 0.93 I- 12.8 hr 0.575 -
÷ 12.8 hr 0.656 0.51

I 6 0 Ni( 7 Li, On) 6 2 CU 2.75 ÷ 9.8 min 2.93 0.51

7
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Table IV

Radioactivities Induced by 7Li Ions on Copper and Zinc

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Eo E7
tope dance (MeV) Mode Life (MeV) (MeV)

6 3 CU 69.1% 6 3 Cu(7Li,n)69Ge 8.35 c,fI 39 hr 1.20 0.51

6 3 Cu(7Li,d) 6 8 Ga 3.26 0+ 68 min 1.90 0.51

6 3 Cu(TLi,t) 6 7 Ga .24 C 78 hr - 0.093

6 3 Cu(7Li,an) 6 sZn 4.75 E 245 da - 1.115

6 3 Cu('Li,6Li) 6 4 Cu 0.66 - 12.8 hr 0.575 -
÷ 12.8 hr 0.656 0.51

6 5 Cu 30.9% 6 5 Cu(7Li,n)' 1 Ge 9.47 C 11 da - -

6SCu( 7 Lid) 7OGa 3.40 0- 21 min 1.65 -

65 CU(7Li, 3He) 6 9 Zn 1.14 0- 57 min 0.91 -

6 4 Zn 48.9% 6 4 Zn('Li,n)70 As 5.16 0+ 50 min 2.1 1.04

6 4 Zn('Li,d) 6 9 Ge 2.37 c, 1÷ 39 hr 1.20 0.51

6 4 Zn(7Li,t) 68 Ge 0.33 C 287 da - -

64Zn('Li, 3 He)6$Ga 1.05 0÷ 68 min 1.90 0.51

6 4 Zn(•Li,ct) 6 "Ga 13.35 C 78 hr - 0.093

6 4 Zn('Li,an) 6 6 Ga 2.12 0÷ 9.5 hr 4.15 0.51

6 4 Zn('?Li, 6 Li) 6 5 Zn 0.74 C 245 da - 1.115

continued
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Table IV Continued

I Radioactivities Induced by 7 Li Ions on Copper and Zinc

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ei EY
tope dance (MeV) Mode Life (MeV) (MeV)

6 6 Zn 27.8% ''Zn( 7 Li,n) 7 2 As 6.17 0+ 26 hr 2.50 0.835

3 6Zn(7L i,d)7 'Ge 2.79 c 11 da - -

6 6 Zn(7 Li, 3He)70 Ga -0.01 21 min 1.65 -

6 6 Zn(7 Li, an) ' 8 Ga 2.60 3+ 68 min 1.90 0.51

5 6 Zn 18.6% 6 8 Zn(7Li,n)7 4 As 7.70 c,13 18 da 1.53 0.60

1- 18 da 1.35 0.64

3 6'Zn('Li,2p)Y3 Ga 0.08 0- 4.9 hr 1.19 0.29

6EZn( 7 Li,cn)7 oGa 3.31 0- 21 min 1.65 -

2
1
I

I
I
U
I
U
m
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energy. On the other hand, lithium-induced reactions are
inhibited by a repulsive Coulomb barrier between the incident

lithium nucleus and the target nucleus. For a nucleus of atomic--

number Z, and mass number Al incident on a target of atomic

number Z2 and mass number A,, the energy of this barrier is 3
Eb(MeV) - 1.44ZlZ 2 /R where R is expressed in fermis and is given

by R - 1.2(A1 1/3 + A2
1 / 3 ). The value of this barrier is listed in

Table V for each target element. For elements consisting of

several stable isotopes, the most abundant isotope is used. For

incident energies below the barrier, the lithium must tunnel

quantum-mechanically through the barrier to initiate a nuclear

reaction. The probability for tunneling increases rapidly with I
increasing energy below the barrier. Therefore, for medium-

weight targets (Ti to Zn) where Eb is comparable to or larger 5
than 15 MeV, cross sections for lithium-induced reactions below

15 MeV are expected to be small and to increase rapidly as the

incident lithium energy increases. For carbon and aluminum

targets, the Coulomb barrier is exceeded for incident energies

greater than 5.1 and 9.5 MeV, respectively. If the 'Li energy 3
approaches or exceeds these barrier heights, appreciable

radioactivity may be produced by reactions on these targets.

In a - irvey of the published literature, measured cross

sections or thick-target yields in the energy range of interest

were found only for the 2 2 C('Li,n)' 8 F reaction. 5 . 6 No cross

sections or thick-target yields were found for the other

reactions listed in Tables I through IV. Thick-target yields or

cross sections have been measured for lithium-induced reactions

on other low-atomic-number targets (i.e., 6 Li, 7Li, 9 Be, 1 0 B, 1 4 N,

160, 1 9 F and 2 3 Na) in the energy range below 15 MeV.5-7

Invariably, these results indicate that the reaction yields

increase rapidly with increasing lithium energy until the

incident energy becomes comparable with the Coulomb barrier.

This behavior suggests that the reactions in this survey are

dominated by Coulomb-barrier effects in the energy range of

interest.

To estimate the magnitude of Coulomb-barrier inhibition,

the barrier penetrability for 7Li is evaluated for the different

10
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I
3 Table V

Coulomb Barrier Energies for 'Li

on Different Target Nuclei

3 Target Z2  A2  Eb (MeV)

C 6 12 5.14

Al 13 27 9.52

3 Ti 22 48 14.3

V 23 51 14.7

3 Cr 24 52 15.3

Fe 26 56 16.3

3 Ni 28 58 17.4

Cu 29 63 17.7

Zn 30 64 18.3

I
I
I

I
I

I
I "1
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targets in this survey. In general, the barrier penetration

factor is expressed in terms of tabulated Coulomb functions.$

However, an analytic expression can be obtained for s-waves in

the WKB approximation. 9  In this approximation it is assumed that

the wave function of the incoming lithium is slowly varying in

the region under the barrier. In this region, the wave function

is not sinusoidal, but exponentially decaying. The WKB

approximation is good if the lithium energy is close to the

barrier potential, Eb, and deteriorates as the lithium energy

decreases. We use the analytic WKB expression for the barrier

penetratiofi factor to compare reaction yields for different

targets with lithium energies near Eb. If the incoming lithium

is not described by an s-wave, an additional angular momentum

barrier should be included. Neglecting this barrier results in

larger penetrations and larger yield estimates.

In the WKB approximation, the s-wave Coulomb-barrier

penetration factor 9 is given by P = exp(-y) where

r = 8nZlz2e2/(hv)(cos-l(T/Eb)k-(T/Eb)½(1-T/Eb)']• (1)

In this expression, T - ½uv2 is the incident 7Li energy, and

p - Al A2 /(A,+A 2 ) is the reduced mass. This penetration factor is

presented in Figs. 1 and 2 as a function of the 7Li energy for

+-he targets in this survey. The values of Z2 and A2 listed in

Table V are used for these calculations. The penetration factors

are expressed in yield units by normalizing the carbon-target

penetration factor to measured thick-target yields6 for the

32 C(7Li,n)'OF reaction on a carbon target in the range from 2.5 to

3.5 MeV. For the targets in Fig. 1, the penetration factors

extend up to the Coulomb barrier. As the atomic number of the

target is increased, these curves shift to higher 'Li energy.

For the targets in Fig. 2, the Coulomb barriers are larger than

15 1eV (see Table V). Again, the penetration factors shift to

higher 7Li energy as the atomic number of the target is

increased.

The curves in Figs. 1 and 2 are intended to show the trend

in reaction yield due to the Coulomb barrier. Thick-target

12
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3

yields of up to lO- reactions/TLi can be expected for carbon and

3 aluminum. Somewhat lower yields are estimated for the higher
atomic number targets. Actual yields may be larger or smaller

than these estimates due to ditferent nuclear reaction mechanisms

and due to different internal structures of the target and final

nuclei in the reactions. 1 0 ' 1 1  For example, a reaction such as
(7Li,n) requires that all of the charged particles in the 'Li be

transferred to the target to form the final nucleus. Such a

3 reaction may be expected to proceed through the formation of a

compound nucleus. In this case, the reaction is inhibited by the

* Coulomb barrier as previously described. On the other hand, a

reaction such as (OLi,6Li) may proceed by simply transferring a

neutron; the charged particles in the 7Li need not penetrate the

Coulomb barrier but only get sufficiently close to the target for

neutron transfer to occur. Coulomb-barrier inhibition is less in

3 this case. In the present survey, the largest Q-values tend to

occur for (7Li,n) and (7Li,p) reactions which have the largest

barrier inhibitions. The less inhibited (7Li, 6 Li) reactions tend

to have small positive Q-values, and the (7Li,6He) reactions have

negative Q-values. These kinematic trends suggest that effects

due to different nuclear reaction mechanisms are not likely to

overwhelm the trends due to Coulomb-barrier inhibition.

3 The ('Li,c) and ()Li,t) reactions are favored by the

internal structure of 7Li. The 7Li nucleus has a significant

(a+t) cluster structure so that these reactions may proceed by

the transfer of either an a-particle or a triton from the 7Li to

the target.' 0 ' 1 1  These cluster-transfer reactions resemble

stripping reactions which proceed selectively to ground and

excited states of the final nucleus which have the appropriate

Scluster structure. To evaluate the probability of such reactions

requires detailed knowledge of the nuclear structure of the

* target and of the final nucleus and is beyond the scope of this

survey.

In conclusion, nuclear reactions, which are induced by up

to 15-MeV 'Li ions and which produce radioactivity, are surveyed

for several ccmmonly used target materials: carbon, aluminum,

3 steel, brass, and a titanium allcy. Positive Q-value reactions

13
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are identified along with the decay properties of the radioactive

nuclei. Yields for these reactions are dominated by penetration

of the Coulomb barrier in the entrance channel. Barrier-

penetration calculations indicate the reaction yields decrease as

the atomic number is increased and increase rapidly with 7Li 3
energy up to the Coulomb barrier.
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II
U SURVEY OF NUCLEAR ACTIVATIONS FOR INTENSE

PROTON AND DEUTERON BEAMSI
I. Introduction

1 Nuclear reactions induced by light-ion beams which lead to

radioactive products are of interest to pulsed-power experiments

on the Sabre generator at Sandia National Laboratories. Light-
ion beams (proton, deuteron or lithium) may be accelerated

3 through 0 to 10 MV on this generator. Radioactivities induced in

the commonly used materials, carbon, aluminum, steel, and brass

may pose a radiological hazard. Because a titanium alloy is used

in the ion-diode region of the Sabre generator, radioactivity

induced by reactions in this alloy are also considered.

Radioactivities induced by lithium ions in these targets have

already been surveyed.' In this report, radioactive products

from proton and deuteron beams incident on carbon, aluminum,

titanium-alloy, steel, and brass targets are identified. For

3 these singly-charged ion beams, incident energies of up to 10 MeV

are considered.

Nuclear reactions on these targets which lead to radioactive

nuclei are identified. Proton- and deuteron-induced reactions

leading to the following prodicts are considered: n, p, d, t,
3 He, and a. Both positive and negative Q-value reactions are

included. The tabulation of Keller et al. 2 is used as a guide to
identify the more energetically favorable reactions. Tabulated

Q-values are based on mass excesses from Ref. 3. Positive5 Q-value reactions are allowed by kinematics for any bombarding

energy. Negative Q-value reactions have a threshold energy given3 by (M1 +M2 )(-Q)/M 2 where 11, is the incident projectile mass and M2

is the target mass.

For each reac-ion, the residual nucleus and its decay

properties are tabulated. Reactions which produce the long-lived

isotopes 5 3Mn (T, = 3.7xi06 yr), 59Ni (T½ 8x10 4 yr), and 6 3 Ni

(Th _ 102 yr) are not included in this survey. Unrealistically

large ion-beam fluences would be required to produce significant

activities of these long-lived isotopes. The decay modes are

Manuscript approved November 17, 1992. 1
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identified as 0- for electron decay, 0* for positron decay, and c
for electron capture. Both 0" and c are listed when these decay

modes are of comparable intensity. For 0-decay, Ea is the end-

point energy of the 8-spectrum, and EY is the energy of the most

intense y-ray(s) associated with the decay. The decay modes,

halflives, end-point energies and y-ray energies are taken from

Ref. 4. The most intense y-decays are identified from Ref. 5.

Measured cross sections for some of these reactions were

found in the published literature. Compilations in Ref. 6 were

used to locate published sources prior to 1976. Compilations in
Ref. 7 were used to locate additional sources. The computerized

catalog DIALOG8 was used for the period from 1976 to 1992. Since

DIALOG does not include all the journals of interest in this time

period, Physics Abstracts was used to supplement this survey. No

attempt was made to incorporate cross sections -rom unpublished
technical reports. Cross sections determined from residual

activities, rather than prompt particle emissions, are the

desired quantities. In many cases, excitation functions (cross

section6 as a function of incident proton energy) are determined
by measuring delayed radioactivities induced in stacked foils.

For reactions where sufficient excitation functions are

available, the cross sections are combined with known stopping

cross sections 9 to determine thick-target yields. Graphs of

thick-target yield versus incident ion energy are included in

this report.

Reactions on carbon are discussed in Sec. II. Reactions on

aluminum are discussed in Sec. III. Proton-induced reactions on

titanium alloy, steel, and brass are discussed in Sec. IV.

Deuteron-induced reactions on these all~oy targets are discussed

in Sec. V. For the alloy targets, only isotopes for which the

product of the isotopic abundance and the alloy proportion

exceeds 1% are included because these isotopes are expected to be

the primary sources of radioactivity.

II. Carbon Target

Nuclear reactions on carbon leading to radioactive products

2
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I are listed in Table I. A natural carbon target consists of two
isotopes, 1 2C and 1 3 C, with the eabundances given in Table I. For

thick-target calculations, the target is assumed to be natural-

abundance carbon. A brief discussion of each reaction listed in

Table I follows.
12 C(p,y) 3 N: The thick-target yield for this reaction below 3 MeV

is determined by resonances at 457 keY and 1.70 MeV. 1 0  A graph

of the thick-target yield is given in Fig. 1. Above 3 MeV, the
1 3N activity from the 1 3 C(p,n) reaction exceeds the 12 C(p,y)

3 activity even though the isotopic abundance of 13C in natural

carbon is only 1.1%. For a plasma source with a natural

3 deuterium abundance (0.015%) operating in the space-charge-

limited regime, the 1 3 N activity from the 1 2 C(d,n) reaction for

deuterons above 1.3 MeV exceeds the (p,y) reaction yield. 1 0

13 C(p,n)13 N: The threshold for this reaction is 3.25 MeV. The

thick-target yield in Figs. 1 and 2 is based on measured cross

sections. 1 1  It should be noted that the 1 3 N activity can also be

produced by the 160(p,C)1 3 N reaction with comparable cross

sections 1 2 for proton energies above 7 MeV.
12 C(d,n)13 N: The threshold for this reaction is 0.33 MeV. 1 3 The

5 thick-target yield from 2 to 5 MeV has been reported for a

natural carbon target, 1 4 and this yield has been extended to

lower energies using measured relative cross sections. 1 0  The

measured cross sections of Wilkinson" were used to extend the

thick-target yield to 10 MeV. The thick-target yield for this

3 reaction is given in Figs. 1 and 2. This reaction is the most

prolific source of radioactivity for a carbon target over the

* energy range of interest.
13 C(d,p)1 4 C: This reaction was not seriously considered in this

3 survey for three reasons. First, the small natural abundance of
13 C reduces the radioactivity from this reaction by two orders of

magnitude for a natural carbon target. Second, the activity will

be small because the 1 4C halflife is long, e.g., it takes more

radioactive nuclei to produce a given activity for a longer

halflife. Third, the 1 4 C decay produces only a low energy

O-particle which is easily shielded.

3
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Table I

Radioactivities Induced by Protons or Deuterons

on Carbon and Aluminum

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ea EY
tope dance (MeV) Mode Life (MeV) (MeV)

.8.9% 1 2 C(.,y) 1 3 N +1.94 10 min 1.20 0.51

1'C(d,n)13N -0.28 1 10 min 1.20 0.51

1 1.1 3 C(p,n) 1 3 N -3.00 1+ 10 min 1.20 0.51

13 C(d,p)1 4 C +5.95 I- 5.7 yr 0.16 -

2 7 A1 100% 2 7Al(p,n) 2 7 Si -5.59 V 4.2 s 3.8 0.51

2 '7Al(p,d) 2 6 Al -10.8 1+, 6.4 s 3.21 0.51

2 '7Al(d,p) 2 $Al +5.51 1- 2.24 min 2.86 1.78

2 7 Al(d,ap) 2 4 Na -5.36 a- 15.0 hr 1.39 2.75
1.37

2 1 Al(d,2p) 2 7Mg -4.06 a- 9.45 min 1.77 0.844

4
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U III. Aluminum Target

3 Nuclear reactions on aluminum leading to radioactive

products are also listed in Table I. Aluminum consists of a

single isotope, 2 A1. The target is assumed to be 100% aluminum

for thick-target calculations. A brief discussion of each

reaction in Table I follows.
27 A1(p,n) 27 Si: The reaction threshold is 5.8 MeV. The thick-

target yield in Fig. 3 is based on measured cross sections. 1 6

"27Al(p,d)26 Al: The threshold for this reaction is 11.6 MeV. No

activity is possible for proton energies below 10 MeV.3 2 7Al(d,p) 2$Al: The cross section for this reaction is not well

known. A best fit to cross sections measured in three different

experiments (Refs. 17, 18 and 19) was used to generate a thick-

target yield to 5 MeV for this reaction. 2 0  This best-fit cross

section curve is shown in Fig. 4, and the thick-target yield is

given in Fig. 3. Cross sections from Ref. 19 were used to extend

this yield curve to 10 MeV. Two more recent cross section

measurements 2 1 , 2 2 are much larger than the best fit from Ref. 20,

as shown in Fig. 4. The reason for the large differences (x160

5 at 3 MeV and x4 at 6.8 MeV) is not known. The values in Ref. 21

(0.6 to 3.2 MeV) are based on thick-target measurements and are

much larger than (d,p) cross sections on other nuclei in this

mass range.' In a thick target, additional 2 8 AI activity may be

produced by the 2 7 Al(n,y) 2 8 Al reaction induced by neutrons from

I the 2 7Al(d,n) 2 8 Si reaction in the same target. This process may

account for the large cross sections in Refs. 21 and 22. This

Sprocess was shown to be negligible for the measurements in

Ref. 19.
"27Al(d, pF 4 Na: The kinematic threshold for this reaction is

5.8 MeV, but measured excitation functions 2 2 . 2 3 for this reaction

indicate that the cross section is small below 10 1eV. Therefore

no significant activity is expected from this reaction.
27Al(d,2p) 27Mg: The kinematic threshold for this reaction is

I 4.4 MeV, but measured cross sections 2 2 . 24 indicate that the yield

is small below 10 MeV. Therefore, no thick-target yield was

I evaluated for this reaction.

5
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IV. Proton-Induced Radioactivities in the Alloy Targets

For the medium-weight nuclei in titanium-alloy, steel, and
brass targets, radioactivities are produced typically by either
(p,n) or (p,a) reactions. Radioactivities produced by these
reactions are identified, and reaction yields are briefly
discussed for constituent elements of these alloys. Thick-target
yields for these targets are not reduced by the alloy composition

since these may change from one material to another.

A. Titanium-Alloy Target

The titanium 6-4 alloy used in the ion-diode region of the
Sabre generator consists of 90%-titanium, 6%-aluminum and
4%-vanadium. Titanium consists of five stable isotopes with

abundances ranging from 5% to 74%, while vanadium is 99.8% 51V.
Radioactivity produced by irradiation of the aluminum in this
alloy was discussed in Sec. III. Proton-induced reactions on
titanium and vanadium leading to radioactive products are listed
in Table II. A brief discussion of the (p,n) and (p,c) reactions
in Table II follows.
(p,n) Reactions: The threshold for the (p,n) reaction on 4 6 Ti is
8.0 MeV. Immediately above threshold, 46V activity has been
measured, 2 5 but the cross section was not reported. The (p,n)

reactions on 4 7 Ti and 4 8 Ti have lower thresholds of 3.78 and

4.90 MeV, respectively, and their cross sections have been
measured. 2 6  Smooth fits were made to these cross sections, and

thick-target yields based on these cross sections are presented
in Fig. 5 for a natural-abundance titanium target. These
reactions are primary sources of redioactivity from the proton

bombardment of titanium. To produce significant activation of

the long-lived 4 9 V isotope by the 4 9 Ti(p,n) reaction, extremely

large proton fluences would be required. Furthermore, 49V decays

only by electron capture so its radiation hazard is minimal. For
vanadium, the threshold for the (p,n) reaction is 1.56 MeV, and

cross sections for this reaction have been determined from 3.1 to

10.4 MeV by measuring 5 1 Cr activity27 and from 1.6 to 4.5 MeV by

measuring neutron emission. 2 8  Independent measurements with

6
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3 Table II

3 Radioactivities Induced by Protons on Titanium and Vanadium

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half EI EY
tope dance (MeV) Mode Life (MeV) (MeV)

'46Ti 8.0% 46Ti(p,n)46V -7.85 0+ 0.43 s 6.04 0.51

4 6Ti(p,C)4 3 Sc -3.09 6+ 3.89 hr 1.20 0.51

47Ti 7.5% 47Ti(p,n)4'V -3.70 0' 31 min 1.90 0.51

3 ''Ti(p,)4 4 SC -2.25 15 3.93 hr 1.47 1.16

4'Ti 73.7% 4'Ti(p,n)4'V *4.80 A÷,c 16.0 da 0.70 1.31

49 Ti 5.5% 49 Ti(p,n)49V -1.39 C 331 da - 0.98

4 '9Ti(p,()416SC -1.94 0- 83.8 da 0.36 1.12
0.89

5 "Ti 5.3% 5 0Ti(p,a) 4SC -2.24 0- 3.41 da 0.44 0.16
5 1V 99.8% 5 1 V(p,n)s5 Cr -1.53 C 27.7 da - 0.32

U7

II.
I
I
I
I
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these two techniques 2 9 are consistent and are in agreement with

the measurements in Ref. 28. Therefore, the cross sections from

Ref. 27 are scaled to values in Ref. 28 to provide cross sections

from 1.6 to 10.5 Mev. A smooth fit to these cross sections was

used to calculate the thick-target yield presented in Fig. 6.

(p,c) Reactions: Thresholds for the (p,c) reactions on 46Ti,
4 7 Ti, 4 9 Ti and 50 Ti range from 2.0 to 3.2 MeV. The (p,a) reaction

on 4 8Ti, the most abundant isotope, produces no radioactivity.

These reactions tend to have small cross sections as described in

Sec. IVB. The reactions on 4 6 Ti and 5 °Ti have been measured by

detecting c-emission, and ground-state differential cross-

sections of only 0.03 to 0.4 mb/sr for 9- to 10-MeV protons have

been reported. 30  For 14-MeV protons, total cross sections of

30 mb for 48Ti and 25 mb for 51V have been measured. 31  Because

cross sections below 10 MeV are expected to be small and measured

excitation functions are not available in the literature, no

thick-target yields were evaluated for these reactions.

B. Steel and Brass Targets

These alloy targets contain several elements in different

proportions. For this survey, a 70%-iron, 20%-chromium,

10%-nickel composition is assumed for #304 stainless steel, and a

67%-copper, 33%-zinc composition is assumed for brass. Each of

these elements consists of several stable isotopes with

significant fractional abundances. Proton-induced reactions

leading to radioactive products are listed in Table III for a

steel target and in Table IV for a brass target. A brief

discussion of the reactions listed in these Tables follows.

(p,n) Reactions: Thresholds for the (p,n) reactions range from

1.65 MeV for "•Fe to 9.51 MeV for 58Ni. These reactions have been

studied extensively and their cross sections increase rapidly

from zero at threshold to relatively large values (102-103 mb) a

few MeV above threshold. For chromium, two activities are

produced: the 5.6-da ground state and a 21-min isomer. The

symbol 5 2 HMn in Tables III and VI refers to an isomeric state

where 5 2 Mn is the ground state. Thick-target yields for the

(pn) reaction on 5 2 Cr, calculated using cross sections from

8
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I Table III

Radioactivities Induced by Protons on Chromium, Iron and Nickel

Target Nuclear Reaction Residual Nucleus

I Iso- Abun- Reaction Q-Value Decay Half Ei E

tope dance (MeV) Mode Life (MeV) (MeV)

5 2 Cr 83.8% 5 2 Cr(p,n)5 2 Mn -5.49 C,•÷ 5.6 da 0.57 1.434
0.94
0.74

3 5 2Cr(p,n) 5 2 NMn -5.87 21 min 2.63 1.434

5 2 Cr(p,C) 4 9 V -2.60 c 331 da - -

""4 Fe 5.8% 5 4 Fe(p,n) 5 4 Co -9.03 1.5 min 4.3 0.51

5 4 Fe(p,a)5sMn -3.12 46 min 2.2 0.51

5 6 Fe 91.7% 5 6 Fe(p,n) 5 6 Co -5.36 c,13 78 da 1.46 0.847

"5 57Fe 2.1% 5 7 Fe(p,n)S7 Co -1.62 E 271 da - 0.122

5 7 Fe(p,c)5 '4 Mn ÷0.24 S 312 da - 0.835

I 58Ni 68.3% 5 $Ni(p,n) 5 8 Cu -9.35 V 3.2 s 7.5 1.45

5 5 8 Ni(p, )55Co -1.35 3÷,c 117 9 hr 1.5 0.51

6°Ni 26.1% 6"Ni(p,n)' 0 Cu -6.91 15 23 min 3.77 1.76
1.33

I 6 0 Ni(p, )57 Co -0.27 E 271 da - 0.122

I
I
I
I

9
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Table IV

Radioactivities Induced by Protons on Copper and Zinc .1
I

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ea EI

tope dance (MeV) Mode Life (MeV) (MeV)

6 3 Cu 69.1% 6 3 Cu(p,n) 6 3 Zn -4.15 38 min 2.34 0.51 I
6 3 Cu(p,d) 6 2 Cu -8.62 9.8 min 2.93 0.51

65Cu 30.9% 6 5 Cu(p,n)6 5 Zn -2.13 C 244 da - 1.115 I
6 5 Cu(p,d) 6 4 Cu -7.69 a- 12.8 hr 0.575 -

c,O+ 12.8 hr 0.656 0.51

6 sCu(p, d) 6 1 Co -6.76 a- 1.65 hr 1.24 0.068

6 5 Cu(p,=Ct) 5 7lMn -7.35 0- 1.6 min 2.56 0.122

6 4 Zn 48.9% 6 4 Zn(p,n)I4Ga -7.85 0+ 2.6 min 6.05 0.51

6 4 Zn(p,o) 6 1 Cu +0.85 0+,c 3.4 hr 1.22 0.51

66 Zn 27.8% 6 6 Zn(p,n) 6 6 Ga -5.96 8+,c 9.5 hr 4.15 0.51

6 6 Zn(p,d) 6 5 Zn -8.81 C 244 da - 1.115

6 OZn 18.6% 6 OZn(p,n) 6 $Ga -3.70 9+ 68 min 1.90 0.51

10
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3 Refs. 27, 32, and 33, is presented in Fig. 7. For iron, (p,n)
cross sections are taken from Ref. 26 for 57Fe and from Ref. 343 for 5 6 Fe. The cross sections from Ref. 34 below 10 MeV fit

smoothly onto the cross sections from Ref. 35 above 10 MeV. A

precise threshold measurement has been reported for the (p,n)

reaction on 5 4 Fe, (Ref. 36) but no cross sections were found in
the literature. The 9.20-MeV threshold for this reaction
suggests that little activity can be expected below 10 MeV.

Thick-target yields for the 5 6 Fe(p,n) and 5 7Fe(p,n) reactions are

3 given in Fig. 8. For nickel, little activation is expected below

10 MeV. Activity from the (p,n) reaction on Ni" is limited by

3 the 9.51LMeV threshold. The thick-target yield for the (p,n)

reaction on 6 0 Ni, calculated from cross sections in Ref. 37, is

presented in Fig. 9. For copper, a seminal study of the (p,n)

cross sections for 6 3 Cu and 15Cu may be found in Ref. 38, and
thick-target yields based on these cross sections are given in

Fig. 10. For zinc, (p,n) cross sections were taken from Ref. 39

for 6 4 Zn, and from Refs. 39-41 for 66Zn and 6 8 Zn. Smooth fits3 were made to these cross sections, and thick-target yields based

on these cross sections are presented in Fig. 11.

3 (p,a) reactions: No excitation functions were found in the

literature for chromium, iron, or copper targets for proton

energies below 9 MeV. Above 9 MeV, excitation functions have

been determined for a variety of targets by measuring emitted

a-particles, 4 2 - 4 4 rather than residual radioactivities. These

I (p,a) studies indicate that this reaction proceeds by a compound-

nucleus process where the incident proton penetrates the Coulomb

barrier of the target nucleus and excites the target. The

density of nuclear excited states is large for these medium
weight nuclei so that a statistical treatment of the compound

nucleus is appropriate. The a-particle emission is described by

an a-particle preformation coefficient in the nucleus and by

Coulomb barrier transmission to exit the nucleus. Since the

Coulomb barrier in this mass range is about 6.5 Mev for protons

and about 13 Mev for a-particles, (p,a) cross sections should be

small below 10 MeV. At 10 MeV, modest cross sections (31 mb for

3 copper, 29 mb for zinc, 9 mb for iron, and 5 mb for chromium)

11
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have been reported. 4 2' 4 3 The 6 4 Zn(p,CC) cross section has been
determined from 8 to 22 MeV by measuring residual

radioactivity. 45  Despite the positive Q-value of this reaction,

the cross section is only 17 mb at 8 MeV and increases to a

maximum of 80 mb at 15 MeV. For nickel, thick-target yields to

produce 55Co and 5"Co activities, calculated using cross sections

from Ref. 46, are presented in Fig. 9. For all these (p,a)

reactions, the excitation functions decrease rapidly with

decreasing energy as expected from Coulomb-barrier-penetration

considerations. A similar argument applies to the 6 5 Cu(p,ca) and

"6 5 Cu(p,cd) reactions.

(p,d) reactions: These reactions on copper and zinc have large

negative Q-values. Experiments indicate that these reactions are

not common for medium-weight elements. 4 7 On the other hand,

(p,pn) reactions are commonly observed. These reactions require

an additional 2.22 MeV which corresponds to thresholds greater

than 10 MeV for the (p,pn) reactions on 6 5 Cu and 6 6 Zn.

V. Deuteron-Induced Radioactivities in the Alloy Targets

For the medium-weight elements in the titanium-alloy, steel,

and brass targets, a specific radioactivity may be produced by

several different deuteron-induced reactions. Therefore, it is

difficult to associate a measured radioactivity with one nuclear

reaction. Consequently, only a limited number of excitation

functions for deuteron-induced reactions have been measured for

these elements. Furthermore, the (d,n), (d,p) and (d,a)

reactions all have positive Q-values and cross sections on the

order of 100 mb above the Coulomb barrier. For deuterons in the

few MeV range (below the Coulomb barrier), the (d,a) reactions

have appreciably smaller cross sections than the (d,n) and (d,a)

reactions.48 Substantial radioactivities can be expected from

these reactions, and the following discussion will focus on these

reactions. Deuteron-induced reactions leading to radioactivities

are identified, and activation yields are briefly discussed for

these alloy targets.

12
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A. Titanium-Alloy Target

Deuteron-induced reactions on titanium and vanadium in the

* titanium alloy target which lead to radioactive products are

listed in Table V. For titanium, there are four isotopes with

abundances of 5% to 8%, while 4 8 Ti is 74% abundant. Cross

sections for the 4 7 Ti(d,n) reaction and for the (d,=) reactions

on 46 Ti, 48 Ti and 4 9 Ti have been determined in the range from

5.5 to 10 MeV, 4 9 but these measurements are insufficient to

evaluate thick-target yields. These cross sections increase

monotonically up to 10 MeV with values at 10 MeV of 130 mb for

the (d,n) reaction and 40 to 80 mb for the (d,a) reactions. For

the bombardment of a natural titanium target with 6.5-MeV

deuterons, a thick-target yield of 8.3 x 10-5 4 8 V/deuteron has

been reported for producing 4 8 V activity. 50  This activity

includes both the 4 7 Ti(d,n) 4 8 V and 4 8Ti(d,2n) 4 8 V reactions. Cross

sections for several of the negative Q-value reactions on

titanium are negligible below 5 MeV and increase rapidly with

energy from 5 and 10 MeV. For example, the 4 'Ti(d,2n) 4 'V reaction

cross section is negligible at 5.5 MeV, but approaches 200 mb at

10 MeV. 4 9 A similar behavior is observed for the 4 0Ti(d,2n) 4 6 V

reaction."1  The (d,n) and (d,a) reactions on the most abundant
4 0Ti isotope lead to rather long-lived isotopes so large

activities are not expected for these reactions. Shorter half-

life activities are produced by these reactions on the other
isotopes, however these activities are reduced by the smaller

1 isotopic abundances. Consequently, the activation of titanium by

deuterons is not as large as for some other target materials.

For vanadium, the most likely source of radioactivity is .ie

positive Q-value 5 1 V(d,p) 5 2 V reaction. .Cross sections for this

reaction, based on proton measurements, are 11 mb at 3.8 MeV and

17 mb at 4.5 MeV. 5 2 Even larger cross sections can be expected

for the activation of 5 2 V because these proton measurements

include only higher-energy emitted protons. Thick-target yields

for producing 51Cr by deuteron bombardment of vanadium has been

I reported. 5 3 This yield is nearly zero at 5 MeV and increases

monotonically to 2.3 x 10-4 5 1 Cr/deuteron at 10 MeV. This

activity is attributed to the 5 1 V(d,2n) 5 1 Cr reaction. No other

13
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Table V

Radioactivities Induced by Deuterons on Titanium and Vanadium

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ea EY I
tope dance (MeV) Mode Life (MeV) (MeV)

"46Ti 8.0% 4 6 Ti(d,n) 4 'V +2.95 0÷ 31 min 1.90 0.51

4 6 Ti(dt) 4 5 Ti -6.94 ÷ 3.08 hr 1.04 0.51

4 6 Ti(d,L) 4 4 Sc +4.40 ÷ 3.93 hr 1.47 1.16

4 6 Ti(d,2p)46Sc -3.81 - 83.8 da 0.36 1.12
0.89

4 Ti(d, n) 4 3 Sc -5.31 8÷ 3.89 hr 1.20 0.51

47 Ti 7.5% 4 7 Ti(d,n)4 8 V +4.61 c',e 16.0 da 0.70 1.31
0.98

4 7 Ti(d, 3 He) 4 6 Sc -4.97 - 83.8 da 0.36 1.12
0.89

4 1 Ti(d,2p) 4 '7Sc -2.04 8 3.41 da 0.44 0.16

4'7Ti(d,2n) 4 7 V -5.92 ÷ 31 min 1.90 0.51

4 7Ti(d, ann)44 Sc -4.47 4 3.93 hr 1.47 1.16

"48Ti 73.7% 4 8 Ti(d,n) 4 9 V +4.52 331 da - -

4 8 Ti(d, 3 He)4'Sc -5.95 - 3.41 da 0.44 0.16

"48Ti(d,X)46Sc +3.98 0- 83.8 da 0.36 1.12 3
0.89

4 $Ti(d,2p)48Sc -5.42 0- 43.7 hr 0.65 1.31
1.04
"0.98

4 8 Ti(d,2n) 4 8 V -7.02 0+,c 16.0 da 0.70 1.31 I
0.98

4 8 Ti(d,•p) 4 5 Ca -4.25 0" 163 da 0.26 -

48 Ti(d,2C) 4 2 K -5.18 0- 12.4 hr 3.52 1.53

Continued on next page. I
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I Table V Continued

5 Radioactivities Induced by Deuterons on Titanium and Vanadium

Target Nuclear Reaction Residual Nuc'eus

Iso- Abun- Reaction Q-Value Decay Half E EY
tope dance (MeV) Mode Life (MeV) (MeV)

4 9Ti 5.5% 49Ti(d,3He) 48 Sc -5.85 - 43.7 hr 0.65 1.31
1.04
0.98

4 9 Ti(d,C) 4 7 Sc +6.48 - 3.41 da 0.44 0.1c

£ 4 9 Ti(d,2p) 4 9 Sc -3.45 IS 57 min 2.00 -

4 9 Ti(d,ccn)4 6 Sc -4.16 " 83.8 da 0.36 1.12
0.89

4 9 Ti(d,2C) 4 3 K -3.69 - 22.2 hr 0.83 0.62
3 0.37

5 0 Ti 5.3% 5 0 Ti(d,p) 5 1 Ti +4.16 " 5.8 main 2.14 0.32

5 0 Ti(d, 3 He)49Sc -6.68 - 57 min 2.00 -

5 0 Ti(d,C) 4 8 Sc +3.79 " 43.7 hr 0.65 1.31
1.04
0.98

p 5°Ti(d,2p) 5 °Sc -7.91 - 1.7 min 3.7 1.55

5 0 Ti(d, n) 4 'Sc -4.47 1- 3.41 da 0.44 0.16

S 5 0 Ti(d,c(p) 4 7Ca -5.66 1- 4.54 da 0.69 1.30

5 0 Ti(d,2C) 4 4K -7.79 1- 22 min 5.66 1.16

I 5*V 99.8% 5 1 V(d,p) 5 2 V +5.08 0- 3.8 min 2.5 1.43

I5 V(d,2p) 5 1 Ti -3.90 a- 5.8 mia 2.14 0.32

5 1 V(d,2n) 5 1 Cr -3.76 E 27.7 da - 0.32

5 5 1 V(d, p) 4 8 Sc -4.27 0- 43.7 hr 0.65 1.31
1.04
0.98

3 5 1 V(d,2C) 4 5 Ca -3.10 - 163 da 0.26 -
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activation cross sections have been published for deuterons on

vanadium.

B. Steel Target

Deuteron-induced reactions leading to radioactive products

are listed in Table VI for a steel target. For the 20%-chromium

component of this target, only 5 2 Cr and 5 3 Cr have significant

abundances. For natural-abundance chromium, the thick-target

yield (reactions/deuteron) at 8 MeV for activating 5 2 Mn by the
5 2 Cr(d,2n) 5 2 Mn reaction is 7x less than the thick-target yield for

activating 51Cr by the 5 0Cr(d,n) 5 1 Mn(j-) 5 1 Cr and 5 °Cr(d,p) 51 Cr

reactiohs. 5 4  The isotopic abundance of 5 °Cr is only 4.4%.

Reactions on 50Cr are not included in Table VI because the

abundance of this isotope in a steel target is less than 1%, and
51Cr is not expected to be a primary source of radioactivity.

Above 8 MeV, the activation of 5 2 Mn increases rapidly with

energy, and calculated thick-target yields for Mn5 2 and the

isomer Mn5 2 n, evaluated using cross sections from Ref. 55, are

presented in Fig. 12. The thick-target yield for producing 5 4 Mn

by deuteron bombardment cf chromium has bee.i determined. 54  This

yield increases monotonically from nearly zero at 1 MeV to 5.8 x
10-5 s 4 Mn/deuteron at 10 MeV.

Radioactivities produced by deuteron-induced reactions on

ntstural iron have been identified and excitation functions have

been measured for deuterons above 5 MeV. 5 6  In the range from

5 to 10 MeV, the largest activation cross sections are for 5 5 Co,
5 7 Co, and 5 4 Mn. The cobalt activities are induced principally by

the 5 4 Fe(d,n) 5 5 Co and "6 Fe(d,n)sQCo reactions. Below 5 MeV, $5Co

activation cross sections, 57 measured over the energy range from

2.44 to 5.5 MeV, are a factor-of-two smaller than the cross

sections in Ref. 56. The cross sections in Ref. 57 were used to

evaluate thick-target yields because the initial deuteron energy

for the stacked-foil measurements in this experiment is 5.5 MeV,

compared with 40 MeV in Ref. 56. The excitation function for

ssCo in Ref. 56 is scaled to cross sections in Ref. 57 to give

activation cross sections for 5 5 Co and "'Co up to 10 MeV. The
5 4Mn activity is produced principally by the 5 6 Fe(d,a) 5 4 Mn and
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1
3 Table VI

Radioactivities Induced by Deuterons on Chromium,

Iron and Nickel

i Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ea E7
tope dance (MeV) Mode Life (MeV) (MeV)

5 2 Cr 83.8% 5 2 Cr(d,t)s5 Cr -5.78 c 27.7 da - -

I 5 2 Cr(d,2n)5 2 Mn -7.78 C,13 5.6 da 0.57 1.434
0.94

i 0.74

5 2 Cr(d,2n)s 2 "Mn -8.10 ÷ 21 min 2.63 1.43

3 5 2 Cr(d,2p) 5 2 V -3.98 - 3.8 min 2.5 1.43

5 3 Cr 9.5% 5 3 Cr(d,n) 5 4 Mn 5.34 £ 312 da - 0.835

I 5 3 Cr(d, 3 He) 5 2 V -5.64 - 3.8 min 2.5 1.43

3 5 3 C;°(d,2p) 5 3 V -4.5 - 1.6 min 2.4 1.00

5 4 Fe 5.8% 5 4 .r'e(d,n)5 5 Co 2.83 13,c 17.9 hr 1.5 0.51

I 5 4 Fe(d,p) 5 5 Fe 7.08 C 2.7 yr - -

5 4 Fe(d,t) 5 3 Fe -7.36 A+ 8.5 min 2.8 0.51

"I "4 Fe(d,c)" 2 Mn 5.17 C,÷ 5.6 da 0.57 1.434
0.94
0.74

54 Fe(d,C) 5 2 "Mn 4.79 0+ 21 min 2.63 1.43

5 4 Fe(d,2p) 5 4 Mn -2.14 C 312 da - 0.835

5 6 Fe 91.7% 5 6 Fe(d,n)s5 Co 3.80 C 271 da - 0.122

3 5 6 Fe(d,t) 5 5 Fe -4.95 C 2.7 yr - -

S6 Fe(d,a) 5 4 Mn 5.66 C 312 da - 0.835

5 6 Fe(d,2n) 5 6 Co -7.58 CO÷ 78 da 1.46 0.847

I 5 6 Fe(d,2p) 5 6 Mn -5.14 1- 2.58 hr 2.85 0.847

Continued on next page
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Table VI Continued

Radioactivities Induced by Deuterons on Chromium,

Iron and Nickel

Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Ea E
tope dance (MeV) Mode ;,ife (MeV) (MeV)

5 7 Fe 2.1% 5 7 Fe(d,n) 5 8 Co 4.73 eg÷ 71 da 0.47 0.81

5 7Fe(d, 3 He) 5 16Mn -5.07 8- 2.58 hr 2.85 0.847

S7 Fe(d,2n)5 7 Co -3.84 C 271 da - 0.122

S'Fe(d,2p)s7 Mn -4.14 a- 1.6 min 2.56 0.122

"58Ni 68.3% 5 $Ni(d,n) 5 9 Cu 1.20 0+ 82 s 3.78 0.51

"5 6 Ni(d,c) 5 6 Co 6.51 c,83 78 da 1.46 0.847

"SSNi(dt)5 "Ni -5.94 cf÷ 36 hr 0.84 1.37

5 8 Ni(d, 3 He) 5 7Co -2.68 E 271 da - 0.122

5 $Ni(d,2p)5gCo -1.83 c,13 71 da 0.47 0.81

5 8 Ni(d,cn) 5 5 Co -3.57 8aC 17.9 hr 1.5 0.51

5 Ni(d, p) 5 5 Fe 0.67 E 2.7 yr - -

5$Ni(d,2c)5 4 mn 3.61 C 312 da - 0.835

60Ni 26.1% 6 °Ni(d,n)''Cu 2.58 81,v 3.4 hr 1.22 0.51

6 ONi(d,.t)sCo 6.08 v,1÷ 71 da 0.47 0.61

6 0 Ni(d,2n) 6 0 Cu -9.13 V÷ 23 min 3.77 1.33

6 0Ni(d,2p) 6 °Co -4.26 a- 5.27 yr 0.32 1.17
1.33

6 1 Ni(d, (Xn) 5 I Co -2.49 C 271 da - 0.122
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I 5 4 Fe(d,2p) 5 4Mn reactions, and cross sections for 54Mn are taken
from Ref. 56. Thick-target yields for a natural iron target,

calculated using these cross sections, are presented in Fig. 13.

For the 10%-nickel component in the steel target, only 5ONi

and 6°Ni have significant abundances. Excitation functions" for

(d,n) reactions on these nuclei have been measured over the

energy range from 2 to 12 MeV. These cross sections increase

rapidly with energy up to peaks of 200 mb at 8 MeV for "8Ni and

470 mb at 8 MeV for 6°Ni. Above these peaks, the cross sections

decrease slowly with increasing energy. These activation cross

sections are smaller than the cross sections for 5ONi at 3.0, 3.5

5 and 4.0 MeV in Ref. 59 and larger than the cross sections for
60Ni at 7.2 and 9.4 MeV in Ref. 60. Thick-target yields were

evaluated using the cross sections in Ref. 58 because they

encompass a broad energy range. These yields are presented in

Fig. 14. Activation cross sections for the (d,t) reactions on

I5 Ni and 6 0 Ni are smaller than the (d,n) cross sections. 60 ,61 The

(d,t) cross sections increase monotonically with increasing3 deuteron energy from 5 to 10 MeV. The thick-target yield for the

reaction 5 8 Ni(d, C) 5 6 Co, calculated using cross sections in Refs.

3 60 and 61, is displayed in Fig. 14. For a natural nickel target,

"5OCo activation may be produced by both the 60Ni(d,a) 5"Co and
5 Ni(d,2p) 5 6Co reactions. The "8Co activation in Fig. 2 of Ref.

62 is presumably due to both reactions rather than just the

"Ni(d.2p)0"Co reaction. The thick-target yield for "OCo

5 activa.ion, calculated from cross sections in Refs. 60 and 62 is

presented in Fig. 14. Cross sections for the (d,t), (d, 3 He),

3 (don), (d,ctp) and (d,2ct) reactions on 5ONi and the (d,2n) and

(d,ccn) reactions on 6°Ni have been measured,6 0 -6 3 and activities3 induced by these reactions are negligible below 10 MeV.

C. Brass Target

Deuteron-induced reactions leading to radioactive products

are listed in Table VII for the 67%-copper component in this

target. The (d,p) and (d,2n) reactions on ' 3 Cu and "Cu are

prolific sources of radioactivity for deuterons below 10 MeV. A

Sseminal study of activations for these reactions may be found in
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Table VII i

Radioactivities Induced by Deuterons on Copper 3
Target Nuclear Reaction Residual Nucleus

Iso- Abun- Reaction Q-Value Decay Half Eo Er
tope dance (MeV) Mode Life (7MeV) (MeV)
6 3 Cu 69.1% 6 3 Cu(d,p) 6 4 Cu 5.69 I- 12.8 hr 0.575 -

c,04 12.8 hr 0.656 0.51
6 3 Cu(d,t) 6 2 Cu -4.58 0+ 9.8 min 2.93 0.51 3
6 3 Cu(d,2n) 6 3 Zn -6.37 V 38 min 2.34 0.51

6 3 Cu(d,xp) 60 Co -0.51 0- 5.27 yr 0.318 1.17 5
1.33

65 Cu .30.9% 6 sCu(d,p) 6 6 Cu 4.84 0- 5.1 min 2.63 1.04 1
6 5 Cu(d,t) 6 4 Cu -3.65 0- 12.8 hr 0.575 -

cO÷ 12.8 hr 0.656 0.51

6 5 Cu(d,2n) 652zn -4.36 E 244 da - 1.115

6 5 Cu(d,2p) 6 5 Ni -3.57 0- 2.52 hr 2.13 1.48 i

6 5sCu(d,ap)6'Co -2.32 0- 14 min 2.88 1.17

I
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I Ref. 64. For the (d,p) reactions, significant disagreements in
the magnitude and shape of the excitation functions are observed3 between three independent cross-section measurements. For the

(d,2n) reactions, there is good agreement between the same three

experiments. Thick-target yields, based on cross sections from

Ref. 64, are presente6 in Fig. 15. Measurements of the

' 3 Cu(d,t)6 2 Cu and 65 Cu(d,2p)' 5 Ni reactions6 5 ,66 indicate that the

6 activation cross sections for these reactions are much less than
for the (d,p) and (d,2n) reactions.

3 For the zin,: in this target, deuteron-induced reactions

leading to radioactive products are listed in Table VIII. The3 ' 4 Zn, 6 6 Zn, and 68 Zn isotopes have significant abundances for the

33%-zinc component of the target. Excitation functions have been

measured for the (d,p) and (d,n) reactions in Table VIII.

Activation cross sections for the 6'Zn(d,p)6 5 Zn reaction include

the 64Zn(d,n)6 5 Ga reaction because the 15-min 65 Ga isotope decays

to the 244-da 65 zn isotope.6'7 68 This short-lived precursor is
included in delayed activation measurements of 65zn. For "Zn,

cross sections' 9 for the 66Zn(d,n)16Ga reaction include a small

contribution from the 67Zn(d,2n)6 7 Ga reaction at higher deuteron.

3 energy. The natural abundance of 6'Zn is only 4.1%. For 58Zn,

the (d,p) reaction produces either 69 Zn or the isomer, 6 9 mZn. The

isomer decays by an isomeric transition (IT) with the emission of

a 0.44-MeV y-ray to 6 9 Zn. Separate cross sections have been

measured for these two activities.70  Thick-target yields, based

on cross sections from Refs. 67-70, are presented in Fig. 16.
For the (d,rx) reactions in Table VIII, only the cross

3 section for activating 6 4 Cu has been published. 7' Isotopically

enriched targets were required to extract the excitation function

3 for this activity. The more intense (d,p) and (d,n) reactions

which induce competing short-lived activities make measurements

of the smaller (d,a) cross sections difficult. No excitation

functions have been reported for the 10-min 6 2 Cu or 5-min 66Cu

activities. The thick-target yield for 6 4 Cu activity, based on

the cross sections in Ref. 71, is presented in Fig. 16.
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Table VIII

Radioactivities Induced by Deuterons on Zinc

Target Nuclear Reaction Residual Nucleus
Iso- Abun- Reaction Q-Value Decay Half E1 E

tope dance (MeV) Mode Life (MeV) (MeyV)

64Zn 48.9% ' 4 Zn(d,n)6 5 Ga 1.72 A+ 15 min 2.24 0.51

6 4 Zn(d,p) 6 sZn 5.76 C 244 da - 1.115

6 4 Zn(d,t)63Zn -5.60 V÷ 38 min 2.34 0.51

6 4 Zn(d, )6 2 Cu 7.52 V 9.8 min 2.93 0.51
6 4 Zn(d,2p)64Cu -2.01 0- 12.8 hr 0.575 -

c,o÷ 12.8 hr 0.656 0.51

6'Zn 27.8% 6'sZn(d,n)' 7 Ga 3.05 C 78 hr - 0.093

6(Zn(d,t)6 5 Zn. -4.78 C 244 da - 1.115

66Zn(d, )6 4 Cu 7.26 0- 12.8 hr 0.575 -
CO÷ 12.8 hr 0.656 0.51

6'Zn(d,2p)'6Cu -4.07 0- 5.1 min 2.63 1.04

''Zn(d,2n)6 Ga -8.18 +,C 9.5 hr 4.15 0.51

6'Zn 18.6% 6'Zn(d,p)69Zn 4.28 S- 57 min 0.91 -

66Zn(d,p)69nZn 3.84 IT 13.9 hr - 0.44

6 8 Zn(d, 3 He)67Cu -4.50 - 62 hr 0.57 0.185

68 Zn(d,X)66Cu 6.97 - 5.1 min 2.63 1.04

6'Zn(d,2n)68Ga -5.93 ÷ 68 min 1.90 0.51

68Zn(d,2p)6$Cu -6.03 - 31 sec 3.51 1.08
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I

* Excitation functions have been measured for several of the

negative Q-value reactions in Table VIII. For the 6 4 Zn(d,2p)

Sreaction, the cross section is small (5 mb) at 10 MeV and

negligible below 8 MeV.7 1  For the 6 6 Zn(d,2n) 6 6 Ga reaction, the

cross section increases from zero at the 8.4-MeV threshold to

150 mb at 10 MeV.7 0  For the 6 8 Zn(d,2n) 6 $Ga reaction tne threshold

is 6.1 MeV, but some 6OGa activity is produced at lower energy

from the 67Zn(d,n)6'Ga reaction. The thick-target yield for 6OGa

activity, based on the cross sections in Ref. 70, is presented in

I Fig. 16.

I VI. Summary

For the proton-induced reactions in this survey,
radioactivities are produced. primarily by (p,n) reactions.

Yields for these reactions increase rapidly from threshold.

Thresholds are less than 4 MeV for the carbon, titanium-alloy,

steel, and brass targets and 5.8 MeV for an aluminum target. At

3 10 MeV, the 5 1 V(p,n) and 6 5 Cutp,n) reactions have the largest

thick-target yields (- 10-3 reactions/proton); these two3 reactions also have the smallest thresholds. Residual activities

with hour-to-cday halflives resulting from the proton bombardment

of aluminum, titanium, steel and brass have been measured and

specific radioisotopes were identified. 7 2  The observed

activities are consistent with the expectations from this survey.

For the deuteron-induced reactions, radioactivities are

produced primarily by the (d,n), (d,p), and (d,c) reactions. The

(d,a) yields are smaller than the (d,n) or (d,p) yields. Thick-

target yields for the (d,n) and (d,p) reactions increase rapidly

3 at low energy and approach 5x10- 4 reactions/deuteron at 10 MeV.

At low energy, the (d,n) yield for carbon is larger than for the

other targets presumably due to the smaller Coulomb barrier. In

the energy range from 8 to 10 MeV, thick-target yields for the

(d,n) and (d,p) reactions are similar so differences in the

yields for different targets are due primarily to the different

target abundances. For some of these reactions, significant

I differences are found in the literature for the same reaction
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cross section measured in different experiments by different

researchers. In some cases, additional measurements have been

reported in order to sort out these differences. However, large

differences remain for the 2 7 Al(d,p) 2 8 Al reaction, as indicated in

Fig. 4. Additional measurements are needed to provide reliable

cross sections for this reaction from zero to 10 MeV.

The radioactivity produced by a single intense pulse of ions

can be evaluated from the thick-target yield. For a 100-kA,

100-ns duration pulse of protons or deuterons, the initial

activity in Curies is given by 1.2xl06fY(E)/T. where f is the

fractional abundance of the target element in the alloy target;

Y(E) is the thick-target yield at energy E; and T, is the

halflife of the induced radioactivity in seconds. To illustrate

this evaluation, activities are determined for two reactions

which have large yields. For 10-MeV protons on brass, the 6 5 Zn

activity from the 6 5 Cu(p,n) reaction is 34 /iCurie, while the 6 3 Zn

activity from the 6 3 Cu(p,n) reaction is 0.16 Curie. The large

difference in these activities is due to the shorter 6 3 Zn

halflife (38 min) compared with the 6 5 Zn halflife (244 da). For

10-MeV deuterons on carbon, the 13N activity from the 1 2 C(d,n)

reaction is 0.96 Curie. These examples indicate that relatively

large radioactivities can be produced by intense proton or

deuteron beams under some conditions. Much smaller activities

are obtained for targets which have smaller yields and produce 3
longer halflife activities. For example, for 10-MeV protons on

the titanium-alloy target, the 4 7V an& 48V activities from the I4 7 Ti(p,n) and 4 8 Ti(p,n) reactions are only 13 mCurie and 0.31

mCurie, respectively. These activities are even less for lower

energy protons. I
In addition to radioactivity induced in the target by proton

or deuteron beams, radioactivity may be induced in the target or

in surrounding materials by neutrons from (p,n) or (d,n)

reactions. These activities, however, are expected to be small

because neutron intensities from these reactions are much less

than the ion-beam intensities.

Nuclear activations provide an attractive technique for

determining the properties of intense ion beams in pulsed power
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I

I experiments. Ion-beam intensities and energies can be determined
by measuring delayed activations. 1 0  A variety of techniques have3 been employed including: thick-target yields from resonance

reactions, 1 0 stacked-foil activations, 2 0 ,' 31.4 simultaneous
I activations of different target materials, 20 ,1 4 (p,n) threshold

reactions,114.7 and secondary-reaction activation.' 6  For this

purpose, reactions with large yields which produce short-lived

activities (minute-to-hour) are usually preferred. Activations
produced by the nuclear reactions on carbon and aluminum in this

survey have been used to diagnose proton and deuceron beams with

energies below 5 MeV. In the future, it is expected that nuclear

3 activation techniques will be used to diagnose ion beams at

higher energies where a larger choice of nuclear reactions on a
* variety of targets is available.

Acknowledgements

Appreciation is expressed to Dr. Richard Peacock and Ms.
Harriet Oxley of the NRL Library Staff for their assistance with

the DIALOG literature search. The encouragement of John Maenchen

to carry out this work is appreciated. This work was supported3 by the Department of Energy through Sandia National Laboratories.

I
!
I
I

3

I1



REFERENCES

1. F.C. Young and D.V. Rose, Survey of Radioactivities Induced
by Lithium Ions, NRL Memorandum Report No. 6974, 1992.

2. K.A. Keller, J. Lange and H. Minzel, in Landbolt-Bornstein
Numerical Data and Functional Relationships in Science and
Technology Vol. 5, Part a, Q-Values, edited by H. Schopper
(Springer-Verlag, New York, 1973).

3. J.B. Marion and F.C. Young, Nuclear Reaction Analysis (North-
Holland, Amsterdam, 1968) p. 157. i

4. Chart of the Nuclides, Knolls Atomic Power Laboratory, 1lth
Edition, April, 1972. I

5. C.M. Lederer, J.M. Hollander and I. Perlman, Table of
Isotopes, 6th Edition (John Wiley, New York, 1967). I

6. F.K. McGowan, W.T. Milner, H.J. Kim and Wanda Hyatt, Nuclear
Data Tables A6, 353 (1969); A7, 1 (1969); F.K. McGowan and
W.T. Milner,-Nuclear Data TaS-es A8, 199 (1970); 9, 469
(1971); 11, 1 (1972); Atomic Data and Nuclear Data Tables 12,
499 (1973); 15, 189 (1975); 18, 1 (1976).

7. K.A. Keller, J. Lange, H. Miinzel and G. Pfennig, in Landbolt-
Bornsteia Numerical Data and Functional Relationships in
Science and Technology Vol. 5, Part b, Excitation Functions
for Charged-Particle Induced Nuclear Reactions, edited by H.
Schopper (Springer-Verlag, New York, 1973).

8. DIALOG Information Services, Inc., 3460 Hillview Ave., Palo
Alto, CA 94304.

9. H.H. Andersen and J.F. Ziegler, The Stopping and Ranges of
Ions in Matter, Vol. 3, Hydrogen (Pergamon Press, New York,
1977).

10. F.C. Young, J. Golden and C.A. Kapetanakos; Rev. Sci. I
Instrum. 48, 432 (1977).

11. P. Dagley, W. Haeberli and J.X. Saladin, Nucl. Phys. 24, 353 3
(1961).

12. A.B. Whitehead and J.S. Foster, Can. J. Phys. 36, 1276
(1958).

13. T.W. Bonner, J.E. Evans and J.E. Hill, Phys. Rev. 75, 1398
(1949).

14. R.J. Jaszczak, R.L. Macklin and J.H. Gibbons, Phys. Rev. 181,
1428 (1969).

15. D.H. Wilkinson, Phys. Rev. 100, 32 (1955).

26

316



-

5 16. I.F. Bubb, J.M. Poate and R.H. Spear, Nucl. Phys. 65, 655
(1965).

3 17. E. McMillan and E.O. Lawrence, Phys. Rev. 47, 343 (1935).

18. C.S. Lin and E.K. Lin, Nuovo Cimento A 66, 336 (1970).

1 19. J.M. Flores, Phys. Rev. 127, 1246 (1962).

20. F.C. Young and M- Friedman, J. Appl. Phys. 46, 2001 (1975).

21. E. Schuster and K. Wohlleben, 3. Appl. Rad. Isotopes 19, 471
(1968).

22. R.L. Wilson, D.J. Frantsvog and A.R. Kunselman, C. D~traz and
C.S. Zaidins, Phys. Rev. C 13, 976 (1976).

23. H.F. R6hm, C.J. Verwey, 3. Steyn and W.L. Rautenbach, J.

Inorg. Nucl. Chem. 31, 3345 (1969).

24. R. Radicella, J. Rodriguez, G.B. Bar6 and 0. Hittmair, Z.
Physik 150, 653 (1958).

3 25. J. J~necke, Phys. Lett. 6, 69 (1963).

26. S. Tanaka and M. Furukawa, J. Phys. Soc. Japan 14, 12691 (1959).

27. 3. Wing and J.R. Huizenga, Phys. Rev. 128, 280 (1962).

28. J.L. Zyskind, C.A. Barnes, J.M. Davidson, W.A. Fowler, R.E.
Marrs and M.H. Shapiro, Nucl. Phys. A343, 295 (1980).

29. S. Kailas, S.K. Gupta, S.S. Kerekatte and C.V. Fernandes,
Pramana 24, 629 (1985).

30. H.S. Plendl, L.J. Defelice and R.K. Sheline, Nucl. Phys. 73,1 131 (1965).

31. N.T. Porile, C.R. Lux, J.C. Pacer and J. Wiley, Nucl. Phys.
A240, 77 (1975).

32. F. Boehm, P. Marmier and P. Preiswerk, Helv. Phys. Acta 25,
599 (1952).

33. H. Taketani and W. Parker Alford, Phys. Rev. 125, 291 (1962).

34. I.L. Jenkins and A.G. Wain, J. Inorg. Nucl. Chem. 32, 1419
(1970).

35. E. Gadioli, A.M. Grassi Strini, G. Lo Bianco, G. Strini and
G. Tagliaferri, Nuovo Cimento 22A, 547 (1974).

36. S.D. Hoath, R.J. Petty, J.M. Freeman, G.T.A. Squier and W.E.
Burcham, Phys. Lett. 51B, 345 (1974).

27

1 317



37. S. Tanaka, M. Furukawa and M. Chiba, j. Inorg. Nucl. Chem.
34, 2419 (1972).

38. R. Co116, R. Kishore and J.B. Cumming, Phys. Rev. C 9, 1819
(1974).

39. H.A. Howe, Phys. Rev. 109, 2083 (1958).

40. J.-P. Blaser, F. Boehm, P. Marmier and D.C. Peaslee, Helv.
Phys. Acta 24, 3 (1951).

41. M. Hille, P. Hille, M. Uhl and W. Weisz, Nucl. Phys. A198,

625 (1972).

42. C.B. Fulmer and C.D. Goodman, Phys. Rev. 117, 1339 (1960).

43. I. K-umabe, C.L. Wang, M. Kawashima, M. Yada and H. Ogata,
J. Phys. Soc. Japan 14, 713 (1959).

44. L. Milazzo Colli, G.M. Braga Marcazzan, R. Bonetti, M.
Milazzo and J.W. Smits, Nuovo Cimento 39, 171 (1977).

45. B.L. Cohen, E. Newman, R.A. Charpie and T.H. Handley, Phys.
Rev. 94, 620 (1954).

46. F. Tfrkfnyi, F. Szelecsfnyi and P. Kopecky, Appl. Radiat.
Isot. 42, 513 (1991).

47. B.L. Cohen and E. Newman, Phys. Rev. 99, 718 (1955).

48. J.H. Bjerregaard, P.F. Dahl, 0. Hansen and G. Sidenius, Nucl.
Phys. 51, 641 (1964).

49. K.L. Chen and J.M. Miller, Phys. Rev. 134, B1269 (1964).

50. P.P. Dmitriev, 1.0. Konstantinov and N.N. Krasnov, Soviet
Atomic Energy, 29, 916 (1970).

51. W.H. Burgess, G.A. Cowan, J.W. Hadley, W. Hess, T. Shull,

M.L. Stevenson and H.F. York, Phys. Rev. 95, 750 (1954).

52. J.P. Schiffer and L.L. Lee, Jr., Phys. Rev. 115, 1705 (1959).

53. C.P. Dmitriev, 1.0. Konstantinov and N.N. Krasnov, Soviet
Atomic Energy, 29, 917 (1970).

54. P. Kafalas and J.W. Irvine, Jr., Phys. Rev. 104, 703 (1956).

55. H.I. West, Jr., R.G. Lanier and M.G. Mustafa, Phys. Rev. C
35, 2067 (1987).

56. J.W. Clark, C.B. Fulmer and I.R. Williams, Phys. Rev. 179,

1104 (1969).

57. P.P. Coetzee and M. Peisach, Radiochim. Acta 17, 1 (1972).

28

318



1 58. M. Cogneau, L.J. Lilly and 3 Cara, Nucl. Phys. A99, 686
(1967).

59. J.H. Carver and G.A. Jones, Nucl. Phys. 24, 607 (1961).

60. J. Zweit, A.M. Smith, S. Downey and H.L. Sharma, Appl.3 Radiat. Isot. 42, 193 (1991).

61. M. Blann and G. Merkel, Phys. Rev. 131, 764 (1963).

62. C.K. Cline, Nucl. Phys. A174, 73 (1971).

63. R. Radicella, J. Rodriguez, G.B. Bar6 and 0. Hittmair,
Z. Physik 153, 314 (1958).

64. H. Okamura and S. Tamagawa:, Nucl. Phys. A169, 401 (1971).

65. C.B. Fulmer and I.R. Williams, Nucl. Phys. A155, 40 (1970).

S66. J.W. Irvine, Jr., J. Chem. Soc. (London) Suppl. S356 (1949).

67. S.J. Nassiff and H. Miinzel, Radiochem. Radioanal. Lett. 12,

353 (1972).

68. J.H. Carver and G.A. Jones, Nucl. Phys. 11, 400 (1959).

3 69. S.J. Nassiff and H. M1nzel, Radiochim. Acta 19, 97 (1973).

70. L.J. Gilly, G.A. Henriet, M. Preciosa Alves and P.C. Capron,
Phys. Rev. 131, 1727 (1963).

71. D.C. Williams and J.W. Irvine, Jr., Phys. Rev. 130, 265
(1963).

1 72. C.L. Ruiz and G.W. Cooper, in Particle Beam Fusion Progress
Report 1988, Sandia Report SAND91-0225, p. 90, April, 1992.

3 73. J.M. Neri, J.R. Boller, P.F. Ottinger, B.V. Weber and F.C.
Young, Appl. Phys. Lett. 50, 1331 (1987).

74. F.C. Young, S.J. Stephanakis and D. Mosher, J. Appl. Phys.
48, 3642 (1977).

75. F.C. Young, J.M. Neri, B.V. Weber, R.J. Commisso, S.J.
Stephanakis and T.J. Renk, Ion Energy Diagnostics for Voltage
Determinations in Plasma-Erosion-Opening-Switch Experiments,3 NRL Memorandum Report 6059, December, 1987.

76. R.J. Leeper, K.H. Kim, D.E. Hebron and N.D. Wing, Nucl.
Instrum. Meth. Phys. Res. B24/25, 695 (1987).

I

29

319



II
II

THICK-TARGET YIELDS
Carbon Target
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Fig. 1. Thick-target yields for the 1 2 C(p,y) 1 3 N, ' 3 C(p,n)' 3 N and
1 2 C(d,n)' 3 N reactions below 4 MeV in a natural carbon

target.
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i
I THICK-TARGET YIELDS

Carbon Target

1 1000
I

I 1 C(dn)N

I °_
COl
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I

0.1
0 2 4 6 8 10

IIncident Energy (MeV)

I Fig. 2. Thick-target yields for the 'IC(p,n)13N and 'IC(d,n)13N

i reactions up to 10 geV in a natural carbon target.
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THICK-TARGET YIELDS
Aluminum Target

500 ,
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Fig. 3. Thick-target yields for the 2 7Al(p,n) 2 7 Si and
2 7 Al(d,p) 2 8 Al reactions in an aluminum target.
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CROSS SECTIONS
I 0 27 AI(d'p) 28AI

3 1000I * I IO, -
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Si • Best Fit

3 0 --- Ref. 21

I • Ref. 22

I ~~~0.1 ' ' ' ' ' '
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Co

I Fig. 4. measured cross sections for the 27AI(d,p)2'AI reaction.

The References are identified in the text. The best fit

Fig is for cross sections from Ref e r ences 1 7 , 18 and 19.
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THICK-TARGET YIELDS
Titanium Target
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3 THICK-TARGET YIELD
Vanadium Target
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IM
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0

3 51V (p ,nf)S1 Cr

01
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0.

2 . 4 6 8 10

3 Incident Energy (MeV)

U Fig. 6. Thick-target yield for the 51V(p,n)51Cr reaction in a5 natural vanadium target.

1 35
325



,I

THICK-TARGET YIELDS
Chromium target
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Fig. 7. Thick-target yields for the 52Cr(p,n)52Mn and
s 2 Cr(p,n)52mMn reactions in a natural chromium target.
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I
II THICK-TARGET YIELDS

Iron Target
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Fig. 8. Thick-target yields for the 5 6 Fe(p,n) 5 6 Co and
5 7 Fe(p,n)"Co reactions in a natural iron target.
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THICK-TARGET YIELDS
Nickel Target
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I THiCK-TARGET YIELDS
Copper target

* 5C u(p, n)65Zn gog

0 00I

3p 63CU(p, n)63 n
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- iFig. 10. Thick-target yields for the 6 5 Cu(p,n) 6 5 Zn and
6 3 Cu(p,n) 6 3 Zn reactions in a natural copper target.
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THICK-TARGET YIELDS
Zinc Target
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Fig. 11. Thick-target yields for the 6 4 Zn(p,n) 6 4 Ga, 6 6 Zn(p,n) 6 6 Ga,

and 6 8 Zn(p,n) 6 8 Ga reactions in a natural zinc target.
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* THICK-TARGET YIELDS

Chromium Target
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I Fig. 12. Thick-target yields for the 5 2 Cr(d,2n) 5 2 Mn and

5 2 Cr(d,2n) 5 2 mMn reactions in a natural chromium target.
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THICK-TARGET YIELDS
Iron Target
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Fig. 13. Thick-target yields for the 5 6 Fe(d,n) 5 7 Co and
5 4 Fe(d,n) 5 5 Co reactions and for the activation of 5 4 Mn by

deuterons on a natural iron target.
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I

II THICK-TARGET YIELDS
II Nickel Target
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Fig. 14. Thick-target yields for the 5 8Ni(drn)59Cu, Oidn61Uand 51Ni(d, )56Co reactions and for the activation of

58Co by deuterons on a natural nickel target.
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THICK-TARGET YIELDS
Copper Target
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I THICK-TARGET YIELDS
* Zinc Target

6i5Zn Activation
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Abstract

The positive-polarity Gamble Ii generator has been used to produce
megavolt-level proton beams to simulate soft x-rays for material-response
studies. Mean ion energies can be varied within the 1- to 2-MeV regime with
+5% voltage reproducibility and ±10% ion power and energy reproducibility. The
plasma erosion opening switch has been used to vary the ion power half width
from about 20 to 50 ns. lon-fluences in the 5- to 1 00-caVcm 2 range have been I
measured over target areas approaching 100 cm2 with a spatial uniformity of
±10% at ihe 50-cal/cm2 level. These fluence-area products are about three
orders-of-magnitude higher than available from plasma radiation sources driven I

'from comparable pulsed power. Comparison of stress-wave measurements in
strategic materials with hydrocode calculations employing the measured beam
characteristics show good general agreement. Small differences between
experiment and computation suggest that refinements to equation-of-state
modeling may be required. Other computations comparing the stress-wave
responses of these materials to ion and x-ray deposition demonstrate the
equivalence of Gamble II ions to 3- to 1 0-keV photons. Impulse measurements
show that a low-mass version of the pinch-reflex ion diode combined with a large-
diameter baffled drift chamber produces an immeasurable debris impulse (under
50 taps). These results demonstrate that light-ion beams represent an alternative
to soft x-rays for material- and structural-response studies requiring high fluence
and large area in cases where results are not sensitive to the details of the depth-
dose profile.

I. Introduction
The mechanical response of materials and structures to high fluences of

soft (several keV) x-radiation is an area of continuing interest to the simulation
community. in the above-ground environment, material response has been
studied using the soft x-rays emitted from the plasma radiation source (PRS), a
high-current z-discharge created in a variety of high-atomic number gases and
fibers. 1 "4 Although PRS facilities that provide the spectrum, fluence, and
exposure area to meet advanced simulation objectives are in the planning stage,
the fluences and irradiation areas available with existing facilities are frequently
'irnited (by the inverse-square fall off of fluence with distance) to values below
those required for testing.

In cases where higher fluences and larger areas are required and the
material response under study is not sensitive to the details of the depth-dose
profile, light ion beams represent an attractive alternative to soft x-rays.
Techniques to efficiently produce and manioulate intense light ion beams5"-8
using low-impedance water-line generators wtre developed in the period 1975-
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1980 to meet DoD and DoE inertial-confinement-fusion objectives. 9 Major
accomplishments of this effort were the extraction of MeV-level proton and
deuteron beams containing greater than 50% of the diode electrical energy, and
the ability to efficiently deposit these beams onto target areas ranging from a few
to several-hundred cm2 . The ability to deliver the beam to a given target area
without inverse-square losses, coup;ed with the high beam production efficiency,3leads to dose-area products about three orders-of-magnitude higher than
available from a PRS driven by comparable electrical power. Moreover, the one-
to several-MeV ion energies attainable with TW-level pulsed power correspond to
absorption depths of 3- to 10-keV photons in materials of interest, a spectral
region in which the PRS radiation efficiency is strongly reduced. Electron beams
created with water-line generators have absorption depths two to three orders-of-
magnitude greater than ion and soft x-ray values. In addition, the 50-ns ion-
beam-power half width is appropriate for simulation and can be shortened to
about 10 ns using a combination of ensrgy filtering and pulse-sharpening
techniques.

A few years ago, comprehensive material-response calculations and
preliminary experiments conducted on the HydraMITE-ll accelerator at Sandia
National Laboratories demonstrated the utility of ion beams for nuclear weapons
effects simulation of soft x-rays in applications where peak stress generation is of

I primary interest. 1 0 In the present work, we report on experiments conducted at
the Naval Research Laboratory that extend the SNL results to order-of-magnitude
higher beam energies and exposure areas and demonstrate the ability of proton
beams to simulate the stress-profile response of materials to soft x-rays. 1 1-12

The positive-polarity Gamble Ii generator has been used to produce 1- to 2-MeV
mean energy proton beams with ±5% voltage reproducibility and ±10% ion power
and energy reproducibility. The plasma erosion opening switch has been used to
vary the ion power half width from about 20 to 50 ns. Ion-fluences in the 5- to
1 00-caVcm 2 range have been measured over target areas approaching 100 cm2

with a spatial uniformity of ±10% at the 50-cal/cm2 level. These fluence-area
products are about throe orders-of-magnitude higher than available from plasma
radiation sources driven from comparable pulsed power.

During the past few years, this ion source has been used to test strategic
materials and structures at dose-area products not previously available above

Sground. Comparison of stress-wave measurements in Teflon, tape-wrapped
carbon phenolic, and aluminum with hydrocode calculations employing the
measured beam characteristics show good general agreement, while small
differences between experiment and computation suggest that refinements to the
equation-of-state modeling of Teflon may be required. Other computations
comparing the stress-wave responses of these materials to ion and x-ray
deposition demonstrate the equivalence of Gamble I ions to 3- to 10-keV
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photons. Impulse measurements show that a low-mass version of the pinch-
reflex ion diode combined with a baffled drift chamber produces an immeasurable
debris impulse (under 50 taps). These results demonstrate that light-ion beams
represent an alternative to soft x-rays for material- and structural-response
studies requiring high fluence and large area in cases where results are not
sensitive to :he details of the depth-dose profile.

The presentation of the work is divided into two main subject areas:
development and documentation of the proton source, and measurements of
material response to proton deposition and debris. In Sec. I!, the experimental
arrangement is presented, beam production and delivery techniques are
described, and beam diagnosis is discussed. In Sec. Ill, ion-induced stress-
profile measurements are presented and compared to material-response
calculations employing the measured Gamble If beam conditions. Other code
calculation3 are then used to compare the material response to ion deposition
with that produced by soft x-rays. Diode-debris measurements at the target
location are then discussed. In Sec. IV, the results are summarized, ion-
simulation-fidelity issues are discussed, and future plans in this research area are
presented. S

II. Proton Source Development
The experime.ntal arrangement for ion simulation experiments on Gamble II

is shown in Fig. 1. Protons are extracted from a 12-cm diameter polyethylene-foil
anode and are accelerated across a 1.3 cm vacuum gap by the applied voltage.
The MeV-level, 500-kA beam then passes through a thin cathode transmission
foil (a 1.8-jim thick "KIMFOL" polycarbonate foil manufactured by Kimberly-Clark
Corp.) separating the vacuum diode from a gas-filled drift region. The drift region
contains about 1 Torr of air in which the ion beam propagates in a charge- and
current-neutralized state. The neutralized beam drifts 30-100 cm to a target
structure that contains ion-fluence and material-response diagnostics, and test
samples.

The electrical diagnostics employed in the ion simulation experiments are
also shown in Fig. 1. The proton energy is determined from the voltage drop
b-.tween the ring cathode and the foil anode. A capacitive voltage divider,
located in the water behind the polyurethane insulator, measures the voltage Vd
across the insulator. The total current (ion + electron) flowing in the diode is
measured at four sites by a resistive shunt in the water (isht) and four B-dot loops
(lout) located in the vacuum feed. When averaged in azimuth, the two current
measurements agree within 10% as long as flashover does not occur along the
surface of the insulator. The voltage drop V across the anode-cathode gap is
determined by subtracting the inductive component Ldlsht/dt from Vd. The
inductance L between the voltmeter location and the ion diode load is determined
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experimentally on short-circuit shots in which the anode and cathode are
physically connected. The ion current Ii is measured by a Rogowski coil that
monitors ions that cross the polycarbonate transmission foil. Given the above
measurements, the instantaneous ion power emitted by the diode Pi = liV and
total ion beam energy Ei = JPidt can be determined.

Figure 2 illustrates the operating principles of the Pinch Reflex Diode (PRD)
used in the experiments. Electrons that are drawn off the thin ring cathode and
accelerated across the gap d are constrained to reflex through the thin plastic
anode foil by magnetic forces behind the foil and electric forces in the diode gap.
Electron reflexing produces the anode plasma (from which beam protons are
extracted) by surf ace-flashover and collisional heating . Electric-field
enhancement near the anode produced by the space-charge cloud of reflexing
electrons causes the ion current density extracted from the PRD to greatly
exceed the Child-Langmuir space-charge limit for one-dimensional flow. Theory
and experiment13 demonstrate that the extracted ion current for the PRD can be
approximated by

li/le =.05RVl/2 /d , (1)

where the measured diode current Id is the sum of the ion current Ii and electron
current le and V is the accelerating voltage expressed in MV. For most Gamble 11
simulation experiments, R = 5.7 cm and d is set at 0.5 cm but gets smaller in time
during the power pulse because of plasma closure. For this set of parameters,
ii/1e >1 is predicted and observed. Va'ues of this ratio as high as two have been
achieved in higher-power ion experiments conducted on the PITHON
generator. 1 4 Note that the ion efficiency and diode impedance are determined
by d and not the gap A between the anode foil and cathode transmission foil.

Figure 3 shows a typical set of electrical characteristics for ion beams
extracted from the Gamble II diode during simulation experiments. These
measurements demonstrate a 40- to 50-ns FWHM ion-power pulse. Integration
of ion power over time leads to 30-35 WJ of ion-beam energy with an rms shot-to-
shot variation of about ±10% in either ion power or energy. The energy
determined from the electrical data is consistent with the radial inte ral of ion
fluence determined from the carbon-activation measurements.1 1,15,16
Reproducibility is demonstrated in Fig. 4 where ion power and diode voltage are
overlaid in eight consecutive shots. Positive-polarity plasma-erosion-opening-
switch (PEOS) experiments17 on Gamble II have demonstrated both a reduction
in ion pulse duration and a modest increase in accelerating voltage (Fig. 5). The
reduction in ion power FWHM to about 20 ns may provide a more realistic
simulation of the x-ray threat. Increases in accelerating voltage achievable with
the PEOS will provide ions that can simulate higher-energy x-ray spectra than
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would otherwise be possible on Gamble II. The fast-rising voltage may also
promote more uniform anode plasma formation, thereby reducing beam
nonuniformities and asymmetries on the target.

The ion deposition profile is strongly dependent on the time-integrated
distribution of proton energies determined from the variation of accelerating
voltage with time. Lacking particle detectors that measure the ion-energy

I spectrum directly, time-integrated energy histograms are derived from'the
electrical data for each shot. The ion power pulse is divided into small time
intervals dt. Each beam-energy increment dEi = Pidt is added to the energy
contained in the accelerating-voltage bin associated with the voltage at the time
of the increment. Energy histograms calculated in this manner are shown in Fig.
6 for standard and high impedance diode operation. These histograms are used
to calculate time-integrated depth-dose profiles and the resulting material
response for comparison with experimental measurements. The range of ion
spectra attainable with Gamble !1 is equivalent to photon deposition in the 3- to
10-keV range, a region of prime simulation interest with insufficient above-ground
x-ray fluence capability.

As ions are accelerated across the vacuum gap A, they are bent radially
inward by their azimuthal self magnetic field. For a PRD, the ion current density
in the vacuum gap has been shown to vary inversely with radius.1 8 The3azimuthal magnetic field produced by ion flow in the vacuum gap is then nearly
constant in radius so that nearly all ions are bent through an angle

IM = 1.4liAI(RV 1/2 ) , (2)

with Ii in MA and V in MV. During the high-ion-power portion of the beam pulse,
Om varies from about 0.1 to about 0.15 rad for most ions. However, ions emitted
near the axis of symmetry, where anode-plasma motion distorts the accelerating
field structure and magnetic forces are reduced, can have positive radial velocity.
In addition to this systematic deflection, ions experience random deflections 0 of
about 0.1 rad associated with plasma irregularities and field fluctuations in the
diode. After passing through the cathode transmission foil, the ions drift ballisticly
to the target through the gas-filled, field-free drift region. Megavolt-energy
protons loose about 10% of their kinetic energy due to collisional slowing-down in
the transmission foil and low-pressure gas but, unlike high-energy electrons, are
not significantly scattered by the collisions.

The theoretical ion-flux and bending-angle distributions in the diode are
coupled with straight-line ion orbits in the field-free drift region to calculate the
radial profiles of ion fluence at different distances from the diode. Figure 7

Sillustrates fluence profiles using typical ion-current and accelerating-voltage
waveforms and 0p = 0.1 rad. Close to the diode, the radial fluence distribution
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follows the 1/r variation of emitted ion current density predicted for the PRD. As
one moves away from the diode, the inner portion of the beam spreads while the
outer portion contracts. Mixing of ions from different regions of the diode due to
orbit crossing and beam divergence (0p) produces more uniform radial
distributions. Uniformity over diode-sized areas is expected beyond the point z
F where an ion emitted from r = R crosses the axis of symmetry.

F = R/OM = V1 /2 R2 /(1.41iA) . (3)

For the parameters of simulation experiments, F is in the range of 40 to 60 cm
where 30- to 60-cal/cm 2 fluences are calculated. Further from the diode, lower
fluences uniform over lar er areas are expected: Fig. 7 shows 10 cal/cm2

uniform over about 300 cm at about I m from the diode.
The experimental proton-fluence distribution was determined at the target

plane by carbon-activation measurements. 1 1,15,16 The 13 N radioactivity
produced by the 1 2 C(p,y,)1 3 N(P3+) 1 3 C reaction was measured to determine the
number of protons incident on a carbon sample. Coincidence counting of the 10-
min halflife P+ decay with Nal scintillation detectors was used to measure weak
activities. An aerial distribution of small-area, carbon-activation devices (CADS)
activated on a single shot provided the proton-fluence distribution.

Four azimuthally-separated CAD measurements at each radius are
averdged to give the radial distribution of the, proton fluence. Experimental radial3 fluence profiles are shown for various axial separations from the diode in Fig. 8.
Close to the diode, the distribution follows the sharply-peaked variation of emitted
ion current density with radius predicted for the PRD with peak fluences in excess
of 100 cal/cm2. In agreement with Eqn. (3) and the associated discussion, a
nearly uniform beam profile over a 5-cm radius is observed between z = 50 and
60 cm with fluences of 40-60 cal/cm 2 . Figure 9 shows a contour map of fluence
for z = 62 cm demonstrating a peak-to-peak variation of ± 20% and an rms
variation of ±5% over the area. Such maps are used to estimate the ion fluence
at the locations of material-response measurements. When combined with the
counting statistics, errors in carbon-activation measurements associated with
ablating-plasma closure of the 2-mm holes and loss of vaporized activated
material lead to fluence uncertainties of about +20%.

The fluence data shown in Figs. 8 and 9 were obtained when power flow
problems limited the ion beam energy to 10-20 kJ. Recent increases in ion beam

Senergy (Figs. 3,4, and 6) and improved diode designs should increase the
fluence-area capability of Gamble I! by a factor of two.

Improvements in ion diagnostics are required for more precise fluence
measurements. The carbon-activation diagnostic has limited spatial resolution,
and may be inaccurate at high fluences where ablation of carbon leads to loss of

I
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the entrained nitrogen. Higher accuracy and improved (few-millimeter) spatial
resolution can be attained by imaging proton-induced, K-line x-ray emission from
an aluminum target on photographic film. 1 9 Measurement of this K-line emission

I with a gated microchannel-plate detector may provide time-resolved imaging of
the ion-beam flux distribution at the test location. Aluminum K-a images were
obtained with the x-ray pinhole arrangement shown in Fig. 10. Two cameras with
different pinhole sizes were used to image the front surface of an aluminum foil
target at the test location. The cameras face away from the diode to minimize
diode-bremsstrahlung fogging of the film. Images for two shot are shown in Fig.
11. The shadowed regions correspond to areas of the CAD array not covered in
aluminum. Sophisticated data-reduction algorithms are required to unfold the
fluence distribution from the imaged film density in the complex exposure
geometry. However, the observed exposure is consistent with the known fluence
distribution and the results demonstrate that high resolution mapping with the
technique can be carried out.

Ill. Material-Response Measurements and Analyses
The NRL ion source has been used in a comprehensive simulation program

to evaluate the simulation fidelity of proton beams, perform material- and
structural-response measurements previously relegated to an underground
environment, and carry out associated analyses. 1 1,12 In one portion of the
program, detailed stress-wave profiles generated by well-characterized ion
beams were measured in materials of strategic interest and compared to
theoretical ion- and x-ray-induced stress profiles in the sam.,; materials. In
addition to demonstrating the ability of ions to simulate soft x-ray effects, these
measurements have been used to benchmark material-response codes in an
AGT environment. A few of the stress measurements and calculations are
presented here to highlight ion simulation fidelity issues

I Stress-profile measurements were made by replacing selected CADs with
targets of Teflon, tape-wrapped carbon phenolic (TWCP), and aluminum 1100-01112,20 M
backed with PVF 2 stress gauges., Measurements with neighboring
CADs were used to determine fluences on the targets. Target thicknesses for theTeflon and aluminum mrnples (55.9 gim and 25.4 Km respectively) were chosen

to be slightly in excess of the the peak ion range so that measurements could be
made with a minimum of stress-wave degradation, and differences between ion
and (code-generated) photon responses would be most apparent. Stress-
response and impulse-response measurements in these materials were made
with ion fluences in the 4- to 80-cal/cm2 range. Impulse-response measurements
were made with a Linear Velocity Transducer (LVT) momentum gauge. This3 gauge had a characteristic response time of 30 to 100 p.s so that the signal

I
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I associated with slow-moving debris originating at the diode could be separated in

time from the prompt ion-beam signal.
Energy deposition profiles for the ion beams were calculated using the

Linhard, Scharff, and Schiott (LSS) model for ion stopping power 2 2 . In the
PROTRAN code developed for this purpose, the target material is specified by
the mix of element-, each characterized by atomic number, atomic weight, mean
ionization potential, and density. For the hydrodynamic calculations of stress
shown here, time-integrated spectra (exemplified by Fig. 6) were employed to
determine the ion-anergy deposition profiles. In a few cases, time-dependent
spectra derived from ion-current and accelerating-voltage histories, and the
associated time-of-flight mixing, were used to determine time-varying deposition
profiles. Predicted stress-wave profiles using the time-varying profiles were
within 10% of those based on time-averaged profiles.

The calculated deposition profiles were combined with hydrodynamic
calculations in a 1-dimensional Lagrangian code 2 3 called PUFF-74 to predict
stress profiles. Material equation-of-state data were taken from libraries compiled
by Rice 2 4 , Rosen2 5 , and Childs 2 6 . One major function of the code was to
determine differences in stress response to ion and x-ray deposition in order to
assess the valua of ion beams for material-response simulation. Figure 12
compares the calculated deposition profiles in Teflon for monoenergetic 3-keV
photons and a typical Gamble 11 proton beam. The ion-deposition profile
corresponds to a 100 range of incidence angles about the normal (typical of the

irradiation geometry employed). The multiple peaks in the ion-deposition profile
of Fig. .12 are a resutt of the coarse energy resolution of the ion-energy spectrum.
A small, unknown fraction o; ionized carbon in the beam has been ignored in the
ion deposition profile. Hydrodynamic stress calculations which include a 5%
carbon fraction in the beam do not show significantly altered material response.
Since carbon ions deposit their energy in a very thin layer (about 10-4 mg/cm2 ) at3 the material surface, the associated low-mass blow-off produces negligible recoil.
(Note that the ion-response measurements presented in this paper are for beam
energies in the 10- to 20-kJ range. Subsequeni pulsed-power improvements
resulted in the 30-kJ beams described in Sec. Ii.)

Figure 13 compares the experimental and calculated stress-profile
responses of Teflon to the ion-deposition profile of Fig. 12 delivered in a 40 ns
FWHM beam pulse in accordance with the calculated Pi(t). The PUFF-74 code
utilized an elastic-plastic equation of state with a yield strength of 1.2x108
dyne/cm for Teflon. The Teflon equation-of-state •arameters were developed
from data accumulated in underground events. ,12 The 10-ns risetime
observed experimentally but not predicted suggests that a strean-rate-dependent
equation of state, such as an elasto-viscoplastic model, may be required to more
realistically predict the material response to soft x-rays. The need for such an

I
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U
improvement in modeling may not have been apparent without ion-response
measurements since: a) UGTs have employed more highly-penetrating radiation
for which the elastic-plastic models were developed, and b) soft x-ray fluences
with realistic spectra from AGTs have fluences orders-of-magnitude below that
required to test the equation-of-state models.

Figure 14 compares the calculated strE.ss responses in Teflon to 3-keV x-Urays and the Gamble II ion beam at fluences of 20 and 30 caVcm 2 respectively at
a point about 80 jim (17 mg/cm2 ) from the front surface. A theoretical, rather
than experimental, comparison of x-ray and ion responses is made because no
high-fluence x-ray sources exit above ground. Referring io Fig. 12, a small
portion of the x-ray fluence is deposited at and beyond 80 jim so that stresses at
the monitor location are created instantaneously. This deep penetration
produces the early-time foot in the calculated stress response to x-rays. The
exponerntial fall-off of x-ray intensity with penetration distance means that a melt
region will be produced between vaporized and solid regions. The stress-wave
rise time is lengthened as it propagates through the melt region. Ion deposition,
on the other hand, is strong throughout the range with a sharp cut-off at the end
of the range. Material is therefore vaporized throughout the ion deposition region
with the vapor expanding onto an effectively solid surface. This interaction
generates a steeply-rising wave front propagating into the material in a manner

* similar to a cold impact response.
Figure 14 demonstrates that, although differences in rise time can be

-i expected near the deposition region, similar peak stresses and stress-wave
histories can be expected from the two types of radiation when the ion range is
comparable to the 1/e attenuation length of the photon deposition, and similar
fluences are employed. The higher accelerating voltage available from high-
impedence Gamble-il operation can simulate the stress-wave profiles produced
by several-keV black-body x-ray spectra (1 0-keV photons).

Early time-resolved impulse measurements made with the LVT
demonstrated that the late-arriving debris impulse from the original ion diode
could be larger than the ion-generated impulse from target ablation. At the 25-Scal/cm 2  fluence level, the ion-generated im pulses varied from 1 to 2 ktaps, w hile
the debris-generated impulses can be more than twice these values. 1 1

Although the LVT can resolve these two components in time, effects such asI damage response that depend on total impulse will be distorted by the unrealistic
debris component. Most of the debris impulse is due to vaporization of the
polyethylene anode foil, carbon anode button, and backplate by the reflexing
electron beam (see Fig. 2). Measurements with a new anode design have
demonstrated dramatic reductions in the debris-generated impulse. Results for
the two types of diodes are shown in Fig. 15. Variations in the ion fluence and
target material on the two shots lead to different early ion-impulse responses.
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The new design combines an order-of-magnitude reduction in anode--foil
thickness with elimination of the carbon button and backplate to reduce the mass i
available for debris formation. Measurements show an order-of-magnitude
reduction in the late-time debris impulse with the new backless diode to levels
below 300 taps, i.e. about 10% of the ion-generated impulse.

Debris from the backless diode has been further reduced at the target
location by employing the large-radius drift chamber and debris-baffle
arrangement shown in Fig. 16. With this target chamber, debris impulse at the I
target has been reduced to immeasurable levels (• 50 taps).

IV. Summary of Results and Future Research I
Light-ion beams represent an alternative to soft x-rays for material and

structural-response studies requiring high fluence and large area in cases where
results are not sensitive to the details of the depth-dose profile. Ongoing
research and development are aimed at improving the validity of light-ion
simulation on the positive-polarity Gamble II facility and extending the capability
to other tests. Results achieved to date in this program and plans for future
development are described below.

A. Ion Beams for Simulation
The pinch reflex diode operating on the positive-polarity Gamble 11

generator produces large-area, megavolt-level proton beams suitable for I
simulating the response of materials and structures to high fluences of soft x-
rays. Mean ion energies can be varied within the 1- to 2-MeV regime with ±5%
voltage reproducibility and ±10% ion power and energy reproducibility. Beam 3
energies of 30 - 35 kJ are available for 1-MeV mean-energy ions. The plasma
erosion opening switch has been used to vary the ion power half width from
about 20 to 50 ns. Ion-fluences in the 5- to 100-cal/cm2 range have been
measured over target areas approaching 100 cm2 with a spatial uniformity of
±10% at the 50-cal/cm2 level. These fluence-area products are about three

orders-of-magnitude higher than available from plasma radiation sources driven
from comparable pulsed power and simulate photon deposition in the 3- to 10-
keV regime. Electron beams created with waterline pulsed power have I
absorption depths two to three orders-of-magnitude greater than the ion and soft

x-ray values. The demonstrated ion-beam capability is appropriate for realistic
pre-UGT simulation studies of materials, and structural-resDonse simulation of
nose-tips, antenna and button windows, satellite and other space-based
components.

Modifications to pinch reflex diodes are being considered to improve their
utility for x-ray simulation. Existing pinch reflex diodes are designed to tightly
focus ion beams rather than distribute the beam uniformly over large areas. Of 3
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particular concern is the intrinsic 1/r fluence distribution of the beam emitted by
the diode. The reported experiments show that a nearly uniform fluence
distribution is achieved by ion-orbit mixing at particular distances from the diode
with a narrow range of fluence values. New diode designs are required to
achieve uniformity over a broad range of fluence values and target areas. One
possible approach is to degrade the beam brightness by roughening the anode
surface so as to cause ions to be emitted over a range of angles. More uniform
fluence distributions may then result over a range of distances from the diode
with corresponding broad fluence variations. In particular, a uniform distribution
of fluence over areas large compared to the achieved 100 cm 2 is desired to
extend testing to large components, such as satellite sub-assemblies, full-scale
nose-tips, e',haust nozzles, motor cases and frusta. Even without such
modifications, ion orbit analysis indicates that uniformity over about 300 cm2 can
be achieved at the 10 caVcm 2 level at 1 -m distances from the existing diode.

I B. Opening Switch Research for Ion Simulation
Positive-polarity plasma-erosion-opening-switch (PEOS) experiments will

continue on Gamble II to provide additional pulse-width control and voltage
multiplication for ion simulation experiments. The ion power FWHM can be
reduced to below 10 ns by a combination of improved positive-polarity PEOS
performance, energy filtering, or time-of-flight bunching. (Because of the strong
dependance of ion range on energy, lower-energy ions can be filtered through
thin plastic transmission foils to provide pulse narrowing without strongly
degrading the transmitted high-energy fraction of the beam. MeV proton beams
can be bunched to higher power over 1--m drift distances by ramping the
accelerating voltage in time.) The higher accelerating voltages achievable with
improved PEOS performance will provide ions that can simulate higher-energy x-
ray spectra than would otherwise be possible on Gamble i1. The fast-rising
voltage due to the PEOS may also promote more uniform anode plasma
formation, thereby reducing asymmetries and nonuniformities on the target.

C. Diagnostic Development
Improvements in ion diagnostics are required for more precise fluence

measurements. The carbon-activation diagnostic has limited spatial resolution,5 and may be inaccurate at high fluences where ablation of carbon leads to loss of
the entrained nitrogen. Higher accuracy and improved (few-millimeter) spatial
resolution can be attained by imaging proton-induced, K-line x-ray emission from
an aluminum target on photographic film. Measurement of this K-line emission
with a gated microchannel-plate detector may provide time-resolved imaging of
the ion-beam flux distribution at the test location. Aluminum K-a images were
obtained to demonstrate the utility of the diagnostic. The observed exposures
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are consistent with the known fluence distribution and the results demonstrate
that high resolution mapping with the technique can be carried out. I

Diagnostics must be developed to determine the beam constituents other
than protons and their spectral distributions. In Gamble II experiments, carbon is
likely to be the primary beam contaminant. Singly-ionized carbon is not U
sufficiently energetic to pass through the polycarbonate transmission foil
separating the diode vacuum from the gas-filled target chamber. However,
higher ionization states can be accelerated to a multiple of the diode voltage and
can reach the test structure. Such higher-atomic-number constituents strongly
increase energy deposition near the front surface of targets. Their measurement
can represent a first step towards developing a capability to more closely
approximate x-ray spectra by controlling the abundances of various atomic
species in the beam. This beam-content-control capability has not yet been
developed for the pinch-reflex ion diode and represents a long-term objective of
the ion simulation program.

D. Stress Measurements
Hydrodynamic calculations that determine the responses of materials to

both the Gamble II ion beam and soft x-rays demonstrate similar stress-wave I
histories in homogeneous materials despite differences in the energy deposition
characteristics of the two radiations. A best match of deposition characteristics is
made when the ion range is close to the l/e attenuation length of the x-radiation I
to be simulated. One- to 2-MeV protons produce stress-wave profiles similar to
thosecreated by 3- to 10-keV photons. Simulation of more energetic x-ray
spectra is achieved by raising the accelerating voltage. Differences between the
theoretical ion- and x-ray-generated responses can be attributed to a small
fraction of the x-ray energy penetrating more deeply than the ion range. A
theoretical comparison of ion and x-ray responses was necessary because high-
fluence above-ground x-ray sources do not exist. Comparison of ion-generated
stress-wave measurements with code calculations employing the measdred i
beam characteristics show good general agreement. However, differences
between the experimental and calculated stress-wave rise times in Teflon
suggest a need for improved equation-of-state modeling. It is interesting that this U
need was not made apparent in UGTs that employed more highly-penetrating
radiation. I

E. Debris Measurements
Early time-resolved impulse measurements made with the LVT

demonstrated that the late-arriving debris impulse from the original ion diode
could be larger than the ion-generated impulse from target ablation. Although the
LVT can resolve these two components in time, effects such as damage I
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I
response that depend on total impulse will be distorted by the unrealistic debris
component. Measurements with a new anode design have demonstrated
dramatic reductions in the debris-generated impulse. The new design combines
an order-of-magnitude reduction in anode-foil thickness with elimination of the
carbon button and backplate to reduce the mass available for debris formation.
Measurements show an order-of-magnitude reduction in the late-time debris
impulse with this new backless diode to levels below 300 taps, i.e. about 10% of
the ion-generated impulse. Debris from the backless diode has been further
reduced at the target location by employing a large-radius drift chamber and
debris-baffle arrangement. With this target chamber, debris impulse at the target
has been reduced to immeasurable levels (< 50 taps). At these low debris levels,
ion simulation studies can be extended to pre-UGT impulse simulation, impulse-
gauge-correlation and design-organization studies, and optical-component
testing.

With debris reduced to such low levels, it becomes possible to design
transmission foils that separate the drift gas from an evacuated region containing
test samples. Depending on the ion spectrum, ion fluences as high as 10
cal/cm 2 may be available for testing in optically clean environments with such an
arrangement. Complete isolation of the test structure from anode debris may
also be accomplished through spatial filtering. For this technique, the ion beam is

focussed onto a small (few cm2 ) hole in a plate separating the two portions of the
chamber containing the diode and test structure. On passing through the hole,
the ion beam expands to cover the test structure. A fast valve then closes overI the hole before debris reaches the plate.

F. Simulation Fidelity
Even if accurate x-ray deposition profiles can be synthesized for

homogeneous materials by combining various ion species, a poor simulation of
photon deposition occurs when the test structure consists of composites or very-
thin (less than an ion range) laminates composed of materials with widely-
different atomic numbers. This problem arises because the ion range (expressed
in terms of mass/unit area) is nearly independent of atomic number, while photon
attenuation is a strong function of it. Differential heating effects can then be very
different for photons and ions in composite materials. Additional research is3 required to assess the utility of ion-beams to simulate soft x-ray effects in these
materials.

V. Acknowledgement
The authors would like to acknowledge the valuable assistance of R. Boiler

and V. Scherrer of NRL as well as T. Meluso, R. Hallett, C. De La Cruz, and E.
Smith of Ktech Corporation during the Gamble 1i experiments. In addition, the

361



Gamble II technician crew consisting of F. Hollis, K. Britton, and J. Negri is

commended for a job well done.

VI. References

1. D. Mosher, et al., Appl. Phys. Lett. 23,429(1973).

2. R. Dukart, et al., Proc. 5 th International Conf. on High Power Particle Beams,
(San Francisco, CA, Sept. 12-14, 1983).

3. W. Clark, et al., ibid.

4. R. B. Spielman, et al., J. Appl. Phys. 57, 830(1985).

5. S. J. Stephanakis, et al., Phys. Rev. Lett. 37, 1543(1976).

C. S. A. Goldstein, et al., Phys. Rev. Lett. 40, 1504(1978).

7. D. Mosher, et al., Proc. 4th International Topical Conf. on High Power
Electron and Ion Beam Research and Technology, (Palaiseau, France, June
29 - July 3, 1981).

8. P. F. Ottinger, D. Mosher, and S. A. Goldstein, Phys. Fluids 23, 909(1980).

9. J. P. VanDevender and D. L. Cook, Science 232, 831(1986).

10. D. L. Hanson, M. K. Matzen, and J. P. Quintenz, J. of Radiation Effects
Research and Engineering 6, 98(1988).

11. S. H. Richter and L. M. Lee, "Ion Beam Simulation Technique Validation:
1988 Results," Air Force Weapons Lab. Report AFWL-TR-89/97, Kirtland
AFB, NM, March 1990.

12. S. Richter, et al., Proc. Simulation Fidelity Workshop III, (Colorado Springs,
Sept. 19 - 21, 1989), in publication.

13. G. Cooperstein, et al., in "Laser Interactions and Related Plasma
Phenomena, Vol. 5," J. J. Schwartz, et al., eds.,(Plenum, NY, 1981) p105.

14. J. Maenchen, et al., J. Appl. Phys. 54, 89(1983).

362



II

I 15. F. C. Young, et al., Rev. Sci. Instrum. 4_8, 432(19771.

16. A. E. Blaugrund and S. J. Stephanakis, Rev. Sci. Instrum. 49, 866(1978).

17. B. V. Weber, et al., IEEE Trans. on Plasma Sci. PS-1_5, 635(1987).

£ 18. A. T. Drobot, et al., Proc. 4 th International Topical Conf. on High Power
Electron and Ion Beam Research and Technology, (Palaiseau, France, June
29 - July 3, 1981).

19. R. D. Bleach, D. J. Nagel, D. Mosher, and S. J. Stephanakis, J. Appl. Phys.
52, 3064(1981).

20. F. Bauer, "Piezoelectric and Pyroelectric Polymers," Proc. Polymers as3 Synthetic Metals Conf., (London, U. K., May 17 - 18, 1983).

21. C. W. Cook and E. S. Ames, "The Linear Velocity Transducer Momentum3 Gauge," Sandia National Labs. Report SC-DR-69-531, Albuquerque, NM,
Aug. 1969.

3 22. T. A. Melhorn, J. Appl. Phys. 52, 6522(1981).

23. R. A. Cecil, C. D. Newlander, and R. J. Scammon, "PUFF74-- A Material
Response Computer Code, Vols. i and i[," Air Force Weapons Lab. Report
AFWL-TR-76-43, Kirtland AFB, NM, Aug. 1980.

3 24. H. H. Rice, "PUFF74 EOS Compilation," Air Force Weapons Lab. Report
AFWL-TR-80-21, Kirtland AFB, NM, Aug. 1980.

1 25. J. J Rosen and R. Globus, "TWCP Correlation Study Program," Air Force
Weapons Lab. Report AFWL-TR-80-132, Kirtland AFB, NM, Apr. 1981.

26. W. H. Childs, "Thermophysical Properties of Selected Space-Related
Materials," Aerospace Corp. Report TOR-008(6435-02)-1, Feb. 1981.

I
I
I

363I



364



a High-fluence large-area MeV proton-beam diagnostics
F. C. Young, S. J. Stephanakis, V, E. Scherrer,a) and D. Mosher
Plasma Physics Division. Naval Research Laboratory, Washington. DC 20375-5000

S. H. Richter
Ktech Corporation, Albuquerque. New Mexico 871103 (Presented on 9 May 1990)

The spatial distribution of intense MeV pulsed proton beams over 100 cm area is measured
with two techniques. An array of carbon-activation samples gives fluences of 100-400
J/cm2 with 1-2 cm resolution. Continuous distributions with 3-4 mm resolution are obtained
by imaging proton-induced Al K-line x rays.

i I. INTRODUCTION (3 + decay with NaI detectors is used to measure weak
Intense light-ion beams are being developed to provide activities with high signal-to-background ratio. For pro-

large-area irradiations using the Gamble II pulsed power tons with energies of 0.5-1.6 MeV, the thick-target yield

generator at the Naval Research Laboratory. Proton for this reaction is nearly independent of proton energy,

beams from a pinch-reflex diode' produce fluences of about and this is just the energy range of interest for proton

200 J/cm2 over 100 cm 2 and fluences approaching 400 beams from Gamble II.

J/cm2 over smaller areas. By operating the generator in An array of small-area samples, activated on a single
positive polarity, the ion beam is directed away from the shot, provides the proton-fluence distribution. For fluences

generator and can be used for target irradiations. To de- below the carbon-vaporization threshold, the 13N is en-

termine the proton fluence, both the distribution in kinetic trained in the carbon sample and the induced activity mea-

energy of the beam and the spatial distribution of the beam sures the proton fluence. For higher fluences, a pillbox
tenegy ac sfro iun activation technique 3 is employed to minimize the loss of3 intensity at various distances from the ion source must be '3N activity. The carbon sample is encapsulated in a brass

determined. Electrical measurements are used to determine
the energy distribution of the beam. Proton-fluence distri- can with one or more 2-mm-diam holes to allow directI irradiation of the carbon by the proton beam. The brass
bution measurements are made with two diagnostics: a can is s hied from diod e d ri ton of

carbon-activation technique described in Sec. II and spatial can is shielded from diode debris to minimize deposition of

imaging of proton-induced K-shell x rays described in Sec. radioactivity from the diode onto the carbon activation

III. This paper addresses the application of these diagnos- device (CAD). The size of each CAD is limited by count-

tics to large-area irradiations. ing statistics, and the number of CADs in the array is
Electrical measurements of ion current and voltage limited by the ability to count all of the CADs before theprovide the ion-energy distribution. The ion current is activity decays. Two different CAD geometries are used.

measured by a Rogowski coil that monitors all ions from For lower proton fluences, the 13N activity is increased by

the pinch-reflex diode that pass through a hollow annular increasing the number of holes in the CAD lid. Devices

cathode. The voltage drop across the anode-cathode gap of with three holes and one hole are shown in Fig. 2(a). To

the diode is determined by correcting the voltage measured measure the proton-fluence distribution, an array of

across the insulator of the generator for the inductive volt- 17 CADS is used on a single shot as shown in Fig. 2(b).

age drop between the voltmeter location and the ion-diode After exposure the CADs are removed and counted indi-

load. A time-integrated energy distribution of the 40-ns vidually. To achieve 10% counting statistics (a few hun-

FWHM beam pulse is derived from these electrical mea- dred counts), each CAD is counted for I min. Seventeen

surements. A typical energy histogram for the ion beanm
from Gamble II is shown in Fig. I . The total ion energy 15
determined from the electrical data is consistent with the
spatial integral of ion fluence determined from carbon- se2-
activation measurements described in Sec. II.

II. CARBON-ACTIVATION ARRAY 9- EAE =31 kJ

The proton-fluence distribution at various distances
from the ion source is determined by carbon-activation .1 6-
measurements. This technique has been used extensively to
diagnose proton beams from pulsed plasma sources and
has been described in detail elsewhere.2 The 13N activity ,

produced by the '2C(p,y)'3 N(I3" )'3 C reaction is mea-
sured to determine the number of protons incident on a 0 400 400 800 1200
carbon sample. Coincidence counting of the 10-min halflife AV (keV)

" Present address. JAYCOR, Vienna, VA 22180. HG I Ion-eiiergv ditrihution for Shot 4556 on Gamble It.
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(a) CAD devices
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0 FIG. 3. Radial proton fluence distributions for several distances from the0 00 diode.

0(9 SPATIAL IMAGING OF PROTON-INDUCED X RAYS
0 X-ray imaging provides a "picture" of the proton-

fluence distribution at the target plane on a single shot.
Protons with MeV energies incident on a target create K-

LID shell vacancies by collisional ionization. The vacancies may

c•Rso wN be filled by radiative de-excitation resulting in x-ray line
emission. Images of K-line radiation emitted from an Al
target are used to determine the fluence and spatial distri-

FIG. 2 (a) Photograph of two CAD devices before assembl> and (b) bution. This technique was initially developed for intense
schematic of an array of 17 CADs for spatial fluence mapping focused proton beams 5 and has been applied extensively to

intense beams generated for inertial-confinement-fusion
applications. 6 This diagnostic provides a continuous profile

CADs could be counted with one coincidence counting of the proton fluence with a resolution of a few mm. Hot
system before the activity decayed below statistically spots or localized intensity variations not resolved by the
meaningful levels. CAD may be observed with x-ray imaging.

The spatial resolution of the CAD array is limited to a The x-ray fluence I, is related to the incident proton
few cm due to the physical size and packing constraints on fluence np according to
the CADs. The 1.5- and 0.76-cm-diam CADs in Fig. 2(a)
represent a compromise between higher "N activity with I, flrV, exp[ -,ud(x)]o(x)dx. (1)
larger devices and higher spatial resolution with smaller
devices. For the array in Fig. 2(b), one CAD is located in where a(x)is the proton-induced K-line x-ray cross section
the center and 16 CADs are distributed at radii of 1.75, at a depth x into the target; exp[ - gd(x)] is the absorp-
2.80, 3.75, and 5.00 cm. tion fraction for x rays traversing a path d in a target of

Radial-distribution measurements of the proton flu- thickness r; and N, is the atomic density of target atoms. As

ence at five different distances from the diode are shown in protons trayel through the target, their energy is degrad-d

Fig. 3. The four CAD measurements at each radius are and the K-line cross section decreases. Because this cross

averaged to give the radial distribution. Close to the diode section7 is rapidly increasing in the vicinity of I MeV, the

the distribution follows the sharply peaked variation of K-line x-ray image is representative of more energetic pro-
tons in the beam. X rays generated at different depths in

emitted ion-current density associated with the pinch-
reltex diode.4 At 50-60 cm from the diode, a nearly uni- the target pass through target thicknesses d(x) before

emerging from the target. The absorption of these x rays
form beam profile is observed, and a central hole forms at depends on the depth in the target and on the angle of
larger distances. In the uniform region, a fluence of 160- emission of the x rays. The integra! over target thickness in
200 a /cm 2 is measured over2n an rea ofabout 100 cm with Eq. (I) is evaluated for different incident proton energies.
a peak-to-peak variation of -20% and a rms variation of Al target thicknesses, and angles of x-ray emission. The
= 5%. Counting statistics, ablating-plasma closure of the results of these calculations are used to optimize pinhole-
2-mm-diam holes on the CADs, and loss of activated ma- camera designs.
+erial lead to uncertainties of about + 20%. Errers may be In the present experiments, the proton current densitt
larger at the highest fluences due to enhanced vaporization, is a few kA/cm2 over 100 cm 2 area. To record Al K-line x

3123 Rev. Sci. Instrum., Vol. 61, No 10, October 366 High temperature plasma diagnostics 3123



I " I(a) Shot 4643 (b) Shot 4649

FIG. 5. Proton-induced At K-line x ray images for (a) Shot 4643 and (b)
DRIFT TUBE Shot 4649.

LEAD SHIELO from the A] face of the impulse gauge contribute to this
Simage. The maximum width of the crescent shape at the

FIG. 4. Pnhole-camera geometry for imaging from the front of the target is 0.7 mm, and this shape is discernible even for

widths of only 3-4 mm. Time-varying current and energy

I rays (1.5 keV) with adequate sensitivity (6X 107 photons/ distributions of the proton pulse are required to extract
cm 2 for unity specular density), the source is imaged onto absolute fluences so only relative measurements are pre-
Kodak DEF film located about 20 cm from the target with sented here. The K-line emission in Fig. 5(a) is moreI a 0.3X magnificatidn. The target is oriented perpendicular strongly peaked on axis than for Fig. 5(b). This difference
to the beam, and x rays are imaged at an angle to the beam, is consistent with the variation in the proton-fluence dis-
either from the back or front of the target. Pinhole cameras tribution with target distance reported in Fig. 3. There is

were tested using both geometries. Imaging x rays from the no evidence for hot spots or localized intensity variations
back of the target was unsuccessful due to intense keV of the proton beam in these images.
x-ray emission in the vicinity of the diode. Images were Two techniques have been applied to measure the spa-

measured from the front of the target and compared with tial distribution of intense MeV pulsed proton beams over
CAD measurements. 100 cm 2 area. For absolute measurements, an array of car-X rays are detected from the front of the target with bon activation samples gives fluences of 100-400 J/cm2

two pinhole cameras located at 145" to the beam direction with 20% uncertainty and with spatial resolution limited

I as shown in Fig. 4. For this angle, the variation in x-ray to 1-2 cm by physical size and packing constraints on the
emission across a 25-ftm-thick target is calculated to be less activation devices. Continous fluence distributions with 3-

than -l 5% for 1 MeV protons. X rays are imaged through 4 mm resolution are obtained by imaging proton-induced
1- and 0.7-mm-diam pinholes from a 100-cm 2 area target Al K-line x rays. Both techniques give similar variations in

located at least 40 cm from the diode. The film is shielded the proton-fluence distribution with axial distance from the

from diode bremsstrahlung by 6.4-mm-thick Pb. To pre- diode.
vent exposing the film to visible light or hot gases from the
diode, a filter consisting of two layers of Al-coated 6.4-.m ACKNOWLEDGMENT
mylar and one layer of 1.8-um Al-coated polycarbonate is This \uork was supported by the Defense Nuclear
used. Agency.

Two images obtained with this camera are presented in
Fig. 5. For Shot 4643, a 0.7-mm-diam pinhole was used ' G Coopersicim et al. tin Lawr litieracnons and Related Plasma Phenomn-
and the target was 43 cm from the diode. For Shot 4649, a ena. Vol 5. edited b) J J Schwartz Penum. New York. i981). p 105

l-mm-diam pinhole was used and the target was 63 cm F. C. Young. J Golden. and C A. Kapetanakos,. Rev. Sc Instrum. 4,1.
from the diode. Shot 4643, an of three7)

, array o CAD E. Blausrund and S. J Stephanaki%., Rev Sci. Instrum 49. 866
devices was mounted behind the target and exposed to the (1978).
proton beam through 1.1-cm-diam holes in the target to 'A T Drobot et al.. Proc. 4th Inter Topical Conf on High Powe.S provide simultaneous carbon-activation measurements. Electron and Ion Beam Research and Technology (Palaiseau. France).

June 29-Jul. 3. 199l
The top hole is at a radius of 4.4 cm, while the bottom 'D J John,,on et al. J Appi Ph,% 50. 4524 (1979), and R D Bleach.

holes are at a radius of 3.17 cm. For Shot 4649, an Al- D. J. Nagel D Mosher. and S. J. Stephanaki,. J Appi Phy, 54. 3064

target impulse gauge was mounted 1.2 cm behind a circu- (1981).
lar on-axis hole in the 100-cm 2 Al target. A nonirradiated "J Maenchein et al, Rev Sci Insruin 59. 1706 •1988).

'G lBasbas. \\. Brandt. and R Laubert. Ph% s Res A 7. 983 (i973). andcrescent-shaped region is observed due to viewing the tar- H Tasara, Y Hachiya. K lshii. and S M"oria. Phy, Re• A 13. 572

get and impulse gauge at 55Y to the target plane. X rays 11976)

3
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GAMBLE 11 Ion Beam Fluence Calculatir U
D. V. Rose, P. F. Ottinger, D. Mosher, S. J. Stephanakis, and F. C. Young 3

9/22!92 i
As a result of systematic differences in calorimetric and carbon activation fluence

measurements, calculations of the expected fluence are performed for selected GAMBLE II
shots. These calculations use the diode model and microdivergence value from previous work. I
Good agreement is found between simulations and the calorimetric measurements. The carbon
activation measurements, which are consistently a factor of 2 larger, are as yet unexplained.

In support of the 'hockey puck' experiment on GAMBLE II, an accurate
knowledge of the fluence over a 20 cm radius target area, 2.2 m downstream of
the diode, is required. Bolometer and calorimeter data indicate fluence levels of I
-0.1 caVcm 2 for apertured shots (see below) and -1.0 cal/cm2 for unapertured
shots. For the same shots, carbon activation results are consistently a factor of 2
higher. The motivation of these calculations is then to determine which of the 2 I
sets of measurements is giving the more accurate result, based on previously
determined microdivergence values. 3

The simulated experimental configuration consists of an ion diode (6 cm
radius anode, 5.1 cm radius Kimfol mounted on the Inet monitor), producing a
proton beam with bending angle eb which is proportional to

liA !

Since the microdivergence, E),, is - 175 mrad[l], the maximum bending angle is 3
typically on the order of the microdivergence. This indicates that some ions are
launched nearly parallel to the beam axis over most of the pulse. This in turn,
indicates that the energy spectrum at 2.2m downstream should be comprised of I
the full energy range of ions but may be weighted somewhat towards lower-
energy, early-time ions with smaller 0 b. The ions are ballisticaily projected
though the aperture (if one is present) at z = 15 cm. .Energy loss due to the I
beam passing through the Kimfol and the - 1 Torr of air is accounted for. The
beam is then projected onto the 20 cm radius targit area at z = 2.2 m. Again,
energy losses between the aperture and target position ;r- accounted for.

In order to more accurately represent the energy spectrum oy the ion
energy associated with the diode voltage pulse, sever., high impedance diode
shots ware taken. This reduces eb, allowing 01. to dominate the beam
dynamics. Here, the Marx charge on GAMBLE II was reduced and the diode gap I
spacing was increased. Similarly, the spacing between the anode 'nd Kimfol, A,
was increased from 1.4 cm to 2.7 crn. This restulted in a lower icn current by a i
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I factor of 8 but similar diode voltage. The desired effect to reduce the bending in
the diode is acheived with Ob reduced by a factor of 4. Note that for all shots3 reported here, no transmission screen was used.

The diode loader code from the z-discharge transport work[l] was5 modified to allow ballistic propagation over the full 2.2 m transport length. The
code was run with 25,000 ions, which yielded rather noisy fluence calculations
across the 20 cm target radius. All values taken .iom these code results are
average values. Some tapering off of the fluence levels as a function of radius is
observed for all runs, with the fluence at r=20 cm about 70-90% of the value at
r=0. For the full current (low impedance) shots described above, shot 5436 was
selected as having typical diode voltage and ion current waveforms. This run
was repeated with and without a 1.5 cm radius aperture at z = 15 cm. For the
apertured shot, calorimeters and bolometers reported fluences of - 0.096-0.12
cal/cm2 . Code results indicate a fluence of ~ 0.3 cal/cm2 . Therefore, the
apertured runs would seem to agree more with the carbon activation data than3 the calorimetric data.

For the unapertured shots, good agreement is found between the
calorimetric data and code results. For the full current/voltage (low impedance)
shot with no aperture (shot 5464), the typical experimental results for bolometers
and calorimeters is - 1.0 -- 1.3 cal/cm2 . The code results indicated fluences of -
1.0 - 1.2 cal/cm2 . For the high impedance, unapertured shot, experimental
results indicated fluence levels of 0.22-0.28 cal/cm 2 , while code results give
-0.25 cal/cm2 .

In conclusion, for the unapertured shots (both high and low impedance),
good agreement between the calorimetric data and the code is evident. But, for
the aper.'ured (low impendance) shot, calculated fluences are higher than
calorimetric data and are in close agreement with carbon activation results. For
the high impedance shot, this work is in agreement with calculations of D.
Mosher. Additional work, such as a pimple model, varying the microdivergence,
and modelling the effect of the measured r, et current can be carried out to further3 explore this problem.

U References:

[1] J. M. Neri, et. al., to be published Phys. Fluids B, Jan. 1993.
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* SECTION FOUR

I PLASMA OPENING SWITCHES

I A plasma opening switch (POS) consists of a plasma injected in vacuum across the
output of a pulsed power generator between the generator and its load. Initially the3plasma forms a short circuit which conducts current from the generator, resulting in an
accumulation of inductive energy behind the switch. At some time which depends on the
plasma and generator parameters, the switch opens, transferring power to the load.
Inductive energy storage with POS's results in a very efficient class of pulsed power
generators. The generator efficiency increases with the length of time the switch can
conduct while still achieving a rapid opening. Understanding of the mechanisms that
control current conduction, and of the switch opening dynamics, is essential to the
advancement of this technology. During the previous contract period, experiments at
NRL, performed with strong JAYCOR participation, were instrumental in establishing the
feasibility of microsecond-conduction-time plasma opening switches. As a result of this
work and of similar successful experiments in the (then) Soviet Union, microsecond-
conduction-time POS development became a major priority of the NRL program. At the
direction of the COTR, JAYCOR efforts in this area during the period of performance of
this contract were expanded, at the expense of other tasks. A critical element in this effort
was the construction of the Hawk generator, which permitted microsecond POS
experiments at relevant (600 kA) current levels. Experiments on this generator have led
to great advances in the worldwide understanding of microsecond POS operation. This
work in part influenced the decision by DNA to construct the Decade nuclear weapon
effects simulator using inductive storage with POS's. By the end of the period of
performance, JAYCOR personnel were tasked by the COTR to assist in modifying the3 ZFX facility at NRL to allow POS experiments at still higher (-1.5 MA) current levels and
slightly shorter (300-500 ns) conduction times more relevant to Decade. Work performed
for this contract is described in the sub-sections below and in more detail in the enclosed
publications and reports. Hawk and ZFX are described in Section 4. 1; conduction phase
studies, including the development of a: interferometric density diagnostic, are described
in Section 4.2; the development of a model of switch opening is discussed in Section 4.3;
studies of the effect of switch geometry ar.; discussed in Section 4.4; and plasma source
studies are described in Section 4.5.

U 4.1 Facility Development

With JAYCOR assistance, a new pulsed power generator called Hawk was
assembled and successfully operated. This generator consists of a fast, oil-insulated Marx
bank, a vacuum inductive store, a POS, and either a diode or short-circuit load. The
generator provides a rapid turn-around, high shot rate test bed for microsecond POS
experiments. At the maximum Marx energy of 277 kJ, up to 800 kA can be transferred to
a short circuit load. During the period of performance, several modifications were
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performed to improve the generator operation. Early on, a problem with current contacts
in the Marx was identified. A new contact was designed, tested, and implemented, solving
the problem. Subsequently, an improved current contact for the main vacuum interface
was tested and installed. As a result of these and other improvements, this facility has
become very reliable and robust.

Data from experiments at NRL and elsewhere indicate that while successful
operation of microsecond POS's is possible, the optimum POS conduction time may be
about 300-500 ns. The DNA Decade facility is being designed to operate in this regime.
In order to permit Decade-relevant experiments to be performed at NRL, a new facility is
being developed. JAYCOR personnel are also assisting in an ongoing effort to complete
construction of the NRL ZFX facility and to modify it for POS operation. This generator
resembles Hawk with the addition of a water capacitor and closing switch between the
Marx and the POS. By using an intermediate capacitor, energy transfer to the POS
becomes more rapid, allowing higher currents and shorter rise times to be obtained. To
date, many of the sub-systems have been completed and full operation of the generator is
planned for December, 1993.

4.2 Conduction Phase Studies

Experiments performed during the previous contract period indicated that for tens-
of-ns conduction times, the POS opens by an erosion mechanism in which ions are
extracted from the switch plasma to the cathode faster than they can be supplied by the
incoming plasma. During this period of performance, these studies were extended to
microsecond-conduction times. Conduction phase experiments comprise both scaling
studies which relate the POS peak conduction current to the switch parameters, and
investigations of the switch plasma using various diagnostics.

Scali g experiments were performed in which the rise time of the generator current
and the number of swi.ch plasma sources were varied. At microsecond conduction times,
a much greater number of plasma sources is required to conduct the same peak current.
At these higher plasma densities, erosion alone would not be expected to interrupt the
current. The results of the scaling experiments suggest that hydrodynamic motion of the
switch plasma during the conduction phase plays a role in limiting conduction.

The POS piasma was diagnosed in a series of experiments on Hawk using short-
circuit loads. These experiments were directed toward obtaining axial resolution of
processes in the switch. Diagnostics included dB/dt loops, collimated fiber optic light
probes, and Faraday cups. A new Faraday cup construction was developed which yielded
information on the trajectories of the incoming ions. The results of this work provide
important information about the axial dependence of switch phenomena: a current channel
is seen to propagate through the switch, and this channel is associated with a locally
enhanced ion current to the cathode, formation of a plasma on the cathode, and increased
light emission from the switch plasma. Switch opening is correlated with the time when
this channel reaches the end of the switch region. Once tbe channel has passed, the ion
current to the cathode decreases, suggesting a local opening of the upstream regions of
the switch during the conduction phase.
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I A powerful new diagnostic for probing the POS plasma was developed during the
period of performance. An optical interferometer using heterodyne phase detection was3 used to measure the electron density in the switch. This diagnostic is quantitative, non-
perturbing, and easy to use. The use of heterodyne phase detection results in high
sensitivity and signal-to-noise ratio. With this technique, the first measurements of the
line-integrated electron density in a POS during switcn operation were obtained. Current
conduction is observed to cause a radial redistribution of the switch plasma, with a large
increase in axial line density over most of the radial extent of the switch. A local reduction
in line density of more than an order of magnitude occurs by the time opening begins.
Data obtained using a chordal line-of-sight show that the density at a given axial location
first increases and then decreases as the current front reaches that location. These data
indicate that hydrodynamic forces snowplow the plasma in the axial direction. Because of
the radial gradients of these forces, this axial motion is accompanied by a radial
redistribution leading to the observed line density decrease in between the electrodes. It is
now believed that this density decrease allows the switch to open by an erosion
mechanism.

The results obtained from interferometry help to explain many of the data obtained
with the other diagnostics above and the results of scaling studies. The scaling of
conduction current with measured density is consistent with a hydrodynamic limit on
conduction at microsecond conduction times and an erosion mechanism at nanosecond
times. At intermediate (few hundred ns) conduction times the data are suggestive of yet
another mechanism. A simple model of hydrodynamically-limited current conduction has

Sshown a very high degree of predictive capability at microsecond conduction times.

1 4.3 Switch Opening M,,.del

Experiments with diode loads were performed in which the switch center
conductor radius and the diode load impedance were varied. For a given switch
geometry, a general behavior is seen as the diode impedance increases from zero in that
"load-limited" and "switch-limited" regimes are observed. In the load-limited regime, the
load impedance determines the voltage. in the switch-limited regime, the voltage is
independent of the impedance, for a given conduction current. In this case, the voltage is
limited by the switch, and the load current is less than the generator current, as current is
lost in the switch region or between the switch and the load. Maximum load power
occurs at the inm-rsection of these two regimes. This behavior points to a simple picture
of the opened POS as a magnetically-insulated vacuum gap. In the load-limited ca:.e the
electron flow in the gap does not extend across the gap and no current is lost. In the
switch-limited case the electron flow extends across the gap and some current is lost In
this case the gap acts to determine the voltage. The criterion for magnetic insulation
relates the voltage to the generator current times the gap divided by the cathode radius. In
order to increase the voltage, and thus the power to the load, either the gap must be
increased or the radius must be decreased. Experiments have been performed with3 reduced cathode radii which have shown and increase in the load voltage. Peak load
voltages of 0.8 MV were obtained with a 5-cm-radius cathode, 1.7 MV with a 2 5-cm
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radius cathode, and over 2 MV with a 1 3-cm radius cathode. (In the latter case the
conduction current was limited by hydrodynamics to a lower value.)

4.4 Switch VariationsI

The effects of switch geometry were examined in further experiments on Hawk.
While the switch voltage increases as the cathode radius decreases, the conduction time
and current also decrease because of the greater hydrodynamic forces that result.
Tapering the cathode in the switch region was investigated as a possible compromise.
Shots taken with a cathode that tapered from 5-cm radius at the upstream end of the
switch region to 1.3-cm radius at the downstream end showed the highest load powers yet
produced: 0.7 TW with 55 kJ, a 20 percent energy efficiency. A helical center conductor
in the switch region was tested as a means to increase the insulating magnetic field. This
resulted in dramatically degraded switch performance.

Coupling of the switch to a plasma-filled diode load was studied. The use of a
plasma fill in the diode resulted in a diode impedance that increased with time in contrast
to the usual case of a falling impedance. With a plasma-filled diode the load power
increased relative to that obtained with a standard diode load by 30 percent.

Operation of the POS in positive polarity was also studied. For given conditions
the conduction current appears to be slightly greater in positive polarity. It is speculated
that this apparent, longer conduction time may be related to a greater delay in establishing
magnetic insulation between the switch and the load.

4.5 Plasma Source Studies

In most of the Hawk experiments the switch plasma was supplied by flashboards:
arrays of carbon coated surface gaps across which current is driven to create and propel a
carbon plasma into the switch region. These flashboards were developed during .he
previous contract with JAYCOR assistance. These sources were also fielded by NRL
personnel with JAYCOR participation on a POS experiment at Physics International
during the present period. Use of the NRL/JAYCOR flashboards was seen to result in an
increase of the possible conduction current.

Coaxial gas guns were investigated as POS plasma sources. In these sources, gas
is injected between coaxial conductors. Current is driven through this gas, again creating
a plasma and propelling it toward the switch region. The attractive feature of these
sources is that the plasma composition may easily be varied. Performance of these sources
however, was found to be poor. In other experiments, gas was injected into the switch
region directly and then ionized by the switch current. In this case the switch performance
was even worse.

Finally, cable guns, developed at Physics International, were constructed and
fielded on Hawk. These were seen to provide switch perfornance similar to that obtained
using flashboards, but to be simpler in practice to use.
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I
DESIGN AND PERFORMANCE OF HAWK, A VERSATILE

PULSED POWER GENERATOR

I
I. INTRODUCTION

A new pulsed power generator called Hawk has been developed as part

of the DNA/NRL facility upgrade in the Pulsed Power Physics Branch.1

This generator replaced the Gamble I generator which was built in 1968.

Rather than using water dielectric energy storage as part of the pulse

compression stages, Hawk uses the newer inductive storage/opening switch

technology. 2 This results in more energy being delivered to a diode

load at slightly higher voltage than the Gamble I generator while physi-

cally being much more compact. Hawk consists of a fast, oil insulated

Marx generator, a vacuum inductive store, a plasma opening switch (POS),

3 and a diode load.

Hawk provides a rapid-turn-around, high-shot-rate test bed for POS

experiments at long (-l ps) conduction times. These experiments will

* use both short circuit and diode loads.

II. ELECTRICAL DESCRIPTION

SThe Hawk Marx generator, designed and built by Physics International

Co. (PI) under DNA auspices, is an NRL-modified version of the original

Eyess Marx3 . The original Marx consisted of four sub-modules operating

in parallel, each using nine 2.2-pF, 100-kV capacitors and five

switches. Modifications to use only eight capacitors and four switches

will be described. A mini-Marx generator was purchased from Maxwell

Laboratories, Inc. for triggering the four sub-modules of Hawk. The

six-stage mini-Marx has a maximum output voltage of 600 kV and 2.4 W of

stored energy. A power supply with ±100-kV, 120-mA outputs was pur-

3 chased for charging the Marx generator. This 24-kW power supply can

charge Hawk in about 30 seconds, as recommended by PI to avoid electri-3 cal breakdowns in oil.

I
Manuscript approved November 8. 1990.
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I
The equivalent circuit diagram of the original Eyess generator as

used by PI is shown in Fig. 1. The NRL Bertha transmission line pro- I
gram4 was used to predict the generator performance in order to evaluate

the effects of the planned modifications. The total inductance of the

Hawk generator was estimated to be similar to the inductance of the PI

circuit, thus this equivalent circuit was used for the preliminary cal- 3
culations. Figure 2 shows the output current waveform that would be

delivered to an opening switch with a ±90-kV charge (810 kV on the capa-

citor shown in Fig. 1). The current peaks at 866 kA in slightly less

than 1.2 ps. This is somewhat less than the expected I MA at this

charging voltage, mostly as a result of the protection resistors includ- 3
ed in the 0.18 0 of Fig. 1. I

The voltage across the vacuum insulator was also calculated for a

charging voltage of ±90 kV and is shown in Fig. 3. Because most of the

inductance for this system is in the oil, flashover at the vacuum insu- I
lator could limit the energy available to drive a load. As shown in

Fig. 3, the insulator voltage initially rises to 265 kV due to inductive 3
division and then decays to zero as the current reaches its peak. This

waveform has been smoothed to eliminate the ringing caused by reflec- 3
tions in the discrete transmission line elements used in the model.

Although transient ringing is observed in actual measurements on Hawk,

the equivalent circuit used here was not intended to accurately model

these high frequency transients. Also not shown here is the effect of

an opening switch which would produce a voltage that is much higher, but

of shorter duration, than that shown in Fig. 3.,

The Hawk output current was also calculated for the case where each U
Marx module has eight capacitors instead of nine. This reduced number

has several advantages. Most importantly, eight capacitors present a

balanced capacitive load to the charging power supply. The schematic

diagram in Fig. 4 is a simplified version of a Marx module showing only 3
the capacitors and switches. It is evident that with nine capacitors,

five will be charged negatively and four positively. It is also appar-

ent that if the last capacitor, C9 , is removed, the switch S5 is also

not needed, and the output can be taken directly from the case of C8 .

2
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Another advantage in reducing the number of capacitors resulted from the

lack of spares during the installation and initial operation. Two of

the four free capacitors were used as filters to protect the power sup-

ply from transients while the other two served as the only available

spares until additional capacitors were procured.

The penalty for this choice is not severe, as illustrated in Fig. 5.

Here, the calculated output current for the eight-capacitor modules is

compared to the original output current for nine capacitors per module.

The peak current decreases by 5% to 824 kA. This calculation assumes

that the tatal Marx inductance is reduced by 45 nH due to the smaller

number of capacitors and switches.

The circuit modeling was extended to include an opening switch and

realistic diode loads as shown in Fig. 6. Estimates of diode load para-

meters were necessary for the design of radiation shielding. To obtain

a conservative estimate of the required shielding, the calculations were

based on the equivalent circuit using nine capacitors per module. The

circuitry up to the opening switch in Fig. 6 is identical to that shown

in Fig. 1 except that the inductances in the oil are lumped together

(415 nH) and likewise those in the vacuum (210 nH). The opening switch

was modeled as a linearly increasing resistance, conducting for 1 ps to

a current level of 838 kA, then opening from 0 to 20 11 at several dif-

ferent rates. The pinched-beam-diode parameters were 6-cm radius, 5-mm

gap, and two different gap closure velocities. Results are given in

Table I.

Table I. Tabulation of Calculated Output Parameters

Run Opening Diode Peak Total Peak Power
No. Rate Closure Voltage Energy Power FWHIM

(0ins)_ (cm/us) (KV) (kJ) (TW) (ns)
452A 0.05 3.6 0.84 28 0.4 77

452B 0.2 3.6 1.54 61 0.8 76

452C 0.2 2.0 1.75 104 0.9 107

452D 0.05 2.0 1.09 67 0.5 138

6
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The opening rate of 0.05 r/ns is close to the POS performance initially

obtained on the P-. n generator for similar currents and conduction

times, and the .klue of 0.2 O/ns is closer to the desired properties of

a POS for the Hawk generator. The 3.6 cm/ps diode-gap closure velocity

is approximately the same as observed on the Gamble machines while the

slower value of 2.0 cm/ps would either require an improvement in diode

performance or would be representative of a diode with a larger gap and

the faster closure rate. The calculated parameters for run 452B were

considered as the .Dsc reasonable output parameters for the purpose of

designing radiatio.. shielding. These were also similar to the best

results from Eyess experiments at PI.

Actual circuit values of the final Hawk design were determined ex-

p-rimentally using the NRL RLC omputer program5 to analyze the initial

* sh( s. This pro,-ram uses an experimentally measured, un-calibrated

-ut :--rrer.,. -aveform, the k iown capacitance, and the known charge

vi ;ge -,' c -.•, e the calibration factor nf the current monitor and

tI- effecti..: -i ait resistanr and inductance that gives the best fit

to the meas - waveform. Figure 7 shows the extremely good agreement

betueen calculated and measured currents. The results of this analysis

were . -bined with other calculations and measurements to produce the

Hawk equivalent circuit shown in Fig. 8. The total circuit inductance

is segmented in this figure to show the distribution of the inductance

within generator. The total inductance up to tae opening switch of 683

nH is higher than that used in the original circuit analysis presented

above due to the removal of the aluminum Marx module side panels during

the early generator checkout phase. These panels were removed to im-

prove oil circulation in the Marx tank and to aid in visual inspection

of .ne Marx circuitry. The Marx inductance was about 70 nH smaller

before the panels were removed. This total inductance (683-70 - 613 nH)

is slightly higher than the value (580 nH) used in the preliminary per-

formance calculations for 8 capacitors per module shown in Fig. 5. The

experimentally determined series resistance (0.15 0) is slightly less

than originally assumed. The major contribution to this resistance is

from 16 parallel protection resistors (-2-0 each, 4 per module) that are

inserted between the modules and the center conduct- buswork to limit

8
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voltage reversals on the capacitors to -70%. The value of the Marx

capacitance is based on actual measurements of individual capacitors.

III. INSUIATOR TESTS AND DESIGN

Early in the Hawk design it was recognized that it would be advanta-

geous to use the existing Gamble I G5 vacuum insulator for Hawk. In

addition to substantial cost savings by using existing hardware, this

insulator is easier to service and maintain than the stacked ring insu-

lator used by PI. The major concern was whether this insulator could
withstand the longer voltage pulse associated with Hawk. Gamble II was

used to test the G5 insulator for longer duration pulses. 6 The inter-

mediate-store output water switch and the pulse-forming-line output oil

switch on Gamble II were shorted to produce a MV level, ps duration

output pulse. Circuit modeling of this Gamble II configuration pre-

dicted that an open circuit output voltage of -I MV and a full width at

half maximum of 1.5 ps could be produced for a Marx charging voltage of

26 kV. Experimental tests of the G5 insulator on Gamble II in this con-

figuration indicated that voltages of 556 to 843 kV are required to

initiate flashover. Total times from the beginning of the pulse to

flashover ranged from 0.8 to 2.25 ps, corresponding to a teff (time that

the voltage exceeds 89% of the maximum value) of 0.17 to 0.55 ps. The

teff of the Hawk insulator voltage from Fig. 3 is 0.3 ps. The G5 tests

on Gamble II indicated a flashover level of at least 675 kV (843 kV on

one shot) for teff -0.3 ps. Thus the G5 insulator should easily meet

the longer duration voltage pulse requirements of Hawk, assuming arcs

from current joints and/or UV from the plasma sources do not degrade the

observed Gamble II performance.

Since Hawk uses oil instead of water up to the vacuum insulator,

potential plots near the insulator were calculated for both cases to

determine if any modifications should be made in the feed to the diode

to properly grade the electric field along the insulator. The results

of those calculations are shown in Fig. 9. Here ET and E$, the total

electric field vector magnitude and the component parallel to the sur-

face of the vacuum insulator, respectively, are plotted with respect to

position along the surface between the anode (A) and the cathode (K).

10
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i The magnitude of the fields in this figure corresponds to an applied

voltage of 265 kV. Although the potential distributions are altered

f somewhat by changing from water to oil, the effects are too small to

warrant fabricating new wave directing hardware at this time.

N A cross-sectional view of the front end of Hawk with the G5 diode

and additional adaptor parts is shown in Fig. 10. The G5 diode, current

shunt, and voltmeter section are standard parts that have been used on

both Gamble generators. They are supported by an adaptor plate which

3 mounts on the existing 72-inch diameter opening of the Marx tank. A new

feature of this diode design is the use of a urethane safety diaphragm

to limit the amount of oil that would be lost in the event of a failure

of the G5 acrylic vacuum insulator. Less than 35 gallons of oil from

the total Marx content of 10,000 gallons could potentially leak into the

experimental area if this insulator breaks. This figure also shows the

collector plate which provides electrical connections to the Marx output

Sresistors, and the connection point for an inductive isolator to bring

signal cables from the "hot" center conductor to ground potential for

3 diagnostic purposes.

IV. PHYSICAL DESCRIPTION

A. Marx Room Modifications

In addition to the formidable task involving the demolition and

* removal of Gamble I, extensive modifications to other existing facili-

ties were necessary to install Hawk. The Gamble I Marx tank was length-

£ ened by 60 in. as shown in Fig. 11 to accommodate the Hawk Marx modules

and required peripheral equipment. This was accomplished by cutting the

3 tank approximately in half and adding a prefabricated mid-section to

increase the length. A modified catwalk and railing were also installed

on both sides of the tank as shown in Fig. 11: A new 2-ton bridge crane

I was installed over the tank and servicing area in the Marx room to lift

the modules in and out of the Marx tank for servicing. An end view of

this crane structure is shown in Fig. 12. The crane design was compli-

cated by the low roof which severely limited the height of the crane. A

hoist which required less than normal head room was procured and the

height of the rear wall of the Marx tank was reduced, thus lowering the
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I

3 height that the Marx modules have to be raised to clear the tank. This

tank wall modification was possible because the 96-in. height of the

i original Marx tank was higher than needed for the new Marx modules.

B. Marx Components

Two views of the layout of the components in the Marx tank are shown

in Fig. 13. The Marx modules rest on support beams 11" above the tank

£ floor to provide proper alignment with the output collector plate. The

modules are positioned to one side of the tank to leave a 12-in. clear-

ance at the other tank wall for maintenance access. This space can also

be used to rout a pipe from the center conductor of the diode to an

inductile isolator coil located at the back of the Marx tank for diag-

nostic cables. The increased length of the tank was used to provide
space for the trigger marx, filter capacitors, charge/dump relays (not

3 shown), and access to electrical connections at the rear of the modules.

C. Marx Modifications

During the initial checkout of Hawk, several electrical breakdowns

occurred in the Marx modules in the vicinity of the cdpacitor headers.
After close inspection and consultation with PI, it was determined that
arcing joints at the capacitors were causing carbon build-up which con-

3 taminated the oil and led to the breakdowns. Because the capaciturs are

mounted vertically, carbon build-up can settle into the header area

rather than descend harmlessly to the bottom of the Marx tank. The

original PI design used wire screening as current gaskets between var-

ious spacers and connections to the capacitor headers, and mechanical
limitations on the capacitors restrict the torque on the 3/4-inch bolt
through these pieces to no more than 25 ft-lbs. Increasing the torque

3 to minimize arcing was not possible. To overcome this problem, these

contact points were redesigned using both RG-223 cable center conductor

with braid and braided o-rings as current gaskets. A diagram of the new

current contacts is shown in Fig. 14. This design was evaluated on a

test stand7 and installed on Hawk. The major constraint on this design

was to complete the modifications and get Hawk back into operation as

soon a3 possible. Several new designs which would eliminate nearly all

S3915
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Figure 13. Marx Tank Layout, (a) top view, (b) side view

16

398



6

0

$4.

$4.

* ~$4$4

S.4

cn0I 00

__ _ _ _ _ _ .N t_ _ _ _

F'-

cr-I

w

o399



I
of the contacts have been considered, but the present modification has 3
worked so well that there are no plans to implement a new design.

D. Radiation Shielding

The location of the Hawk generator relative to nearby offices and

laboratories in Building 71 is shown in Fig. 15. The shielding around

the diode, located about 67 in. above the floor of Room 1117, was up-

graded significantly compared with the shielding provided for Gamble I.

The modifications were designed to confine the radiation to the test

cell area. Improvements were based on calculations of shielding re-
quirements using the peak voltage (1.5 MeV) and total energy (61 kJ)
from run No. 452B in Table 1.

An analytic model for bremsstrahlung radiation was used to estimate

the shielding required for Hawk. Thick-target bremsstrahlung from an

electron-beam diode was used for the radiation source. For monoener-

getic electrons of kinetic energy T, the bremsstrahlung energy spectrum

is S(E) - C(T-E) where C is a constant, E is the photon energy, and the

total bremsstrahlung energy is proportional to T2 (Ref. 8). Therefore,

$(E) - (2Er/T 2 )(T-E) represents the bremsstrahlung energy spectrum for

electrons of energy T and total radiated energy Es. This spectrum is

attenuated by shielding. For the Hawk generator, lead and concrete

shielding materials were considered. In addition, a 1-cm thick layer of

iron was used to represent the vacuum chamber on the diode. The atten-

uation factor for the spectrum is given by

F(E) - exp(-pFeXFe)exp(-ppbxpb)exp(-Jucxc) (1)

where XFe is I cm and AFe, PPb, and pc are attenuation coefficients for

iron, lead, and concrete respectively. Values of these coefficients are

taken from Ref. 9 for E above 1 MeV and Ref. 10 for E below 1 MeV for

iron and lead and from Ref. 11 for concrete. The lead and concrete

thicknesses, xPb and xc, are varied to determine the thicknesses of

shielding required. The total photon energy E. is scaled inversely as

the square of the distance and is converted to dose using water to rep-

resent the absorber. 12  Then the dose at a distance R in meters from

18
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the source is given by: 3

Dose (Rem) - 101 JPF(E)S(E)dE (2)
47rR 2 f0 "

where the total radiated energy Es is in kJ and the absorption coeffi-

cient for water p. is in cm2/gm. The value of pw is nearly constant at

0.03 cm2/gm over the range of interest for Hawk, 100-keV to 1.5-MeV

photons. 13 Then the dose as a fraction of the total radiated energy is I
given by:

"T/ I
Dose (Rem) 50 F(E) 1 - (3)

s R(m)
J 0

For thick target bremsstrahlung, the conversion efficiency from electron

beam energy Ee to total radiated energy is given by: 14

E_•_5xi0- 4 ZT (4)E
e

where Z is the atomic number of the target and T is in MeV. For Haw-k

shielding estimates, Z-80 was used, representative of a tantalum (Z-73)

or lead (Z-82) target. By combining Eqs. 3 and 4, the dose is deter-

mined for an electron beam of kinetic energy T and total energy Ee.

Dose estimates at one meter from the source for several thicknesses of

lead or concrete are given in Table II. These estimates do not include

additional radiation from scattering or from dose buildup in the shield-

ing. However, actual doses are expected to be less than these estimates

because it was assumed for these calculations that all the radiation is

produced by 1.5-MeV electrons rather than a more realistic sinusoidal

voltage waveform. Also it was assumed that the source is isotropic

rather than having the usual forward distribution typical of e-beam

diode loads.

20
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I
£ Table II

Dose* per Shot at 1 Meter5 for Various Thicknesses of Lead or Concrete

Lead Concrete
Thickness Dose Thickness Dose

(in.) (Rem) (in.) (Rem)

1/8 22 10 0.46
1/4 14 12 0.22
1/2 7.5 18 0.020

i Based on T - 1.5 MeV, E. - 61 kJ and 1-cm iron thickness.

Radiation shielding around the test cell (see Fig. 15) was improved

in several ways based on these shielding calculations. Shielding blocks

18-in. thick and 96-in. high were extended along the west side of the3 test cell up to the south wall. Similar shielding blocks were added at

the entry to the test cell to protect against radiation exiting through

the entry way. All the 96-in. high shielding blocks were topped with new

19-in. thick poured concrete blocks to extend the shielding to within

1-in. of the ceiling. Previously, lower density blocks were used which'3 extended only part: way to the ceiling. The ceiling above the test cell

was shielded by installing 1/4-in. thick lead which extended down to the

concrete block walls. The existing wall on the east side (next to the

Veba Laboratory) is 18-in. solid concrete to a height of 96 in. with

3 hollow core block above this height. Lead of 1/4-in, thickness was

- added to the block portion of this wall to reduce the scattered radia-

tion in this direction. No personnel are located at a level where they

could receive direct exposu e to radiation from the source passing

through this portion of the wall. No additional shielding was added to

the south wall (backward direction from the source). The Hawic oil-

filled Marx tank is directly behind the source providing more than ade-

3 quate shielding over a large solid angle in this direction.

With these shielding improvements, radiation doses at various loca-

tions have been calculated by scaling the dose at I meter (Table II)

according to Eq. 2. The dose at points A and B in Fig. 15, where per-

5 sonnel may be routinely located, are 0.06 mRem/shot and 0.64 mRem/shot,
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respectively. Point A is in an uncontrolled access hallway, and point B

is in a controlled access area where personnel wear radiation dosime-

ters. It should be stressed that these are maximum doses expected, and

no more than five of these shots per week would be fired. The maximum i
allowable whole body exposure to the general public is not to exceed 0.5

Rem/year 15 which is 8000 times larger than the dose/shot at point A and

800 times larger than the dose/shot at point B. The maximum allowable

radiation dose for personnel in controlled areas (Point B) is 1.25 Rem 1
per calendar quarter. 15 Therefore, the calculated doses at points A and

B are substantially less than the allowable exposure, even for 5

IIshots/wk for one year at the maximum diode voltage.

The roof above Hawk is potentially a more hazardous area. The

second floor area immediately above Hawk is a high radiation area and is

safety interlocked as described in the next section. The roof of Build-

ing 71 is 32 feet above Hawk, and the calculated dose beneath this roof

is 150 mRem/shot. It is expected that the roofing material will lower

the dose above the roof to an acceptable level for controlled areas.

Signs are posted at the access points to this roof warning against entry

without proper authorization. If in the future the roof shielding is

inadequate, an additional 1/8 in. of lead could be safely added to the

ceiling above Hawk to reduce the dose. The NRL Health Physics Staff is

continuously monitoring the radiation levels as the operating power

level of Hawk is gradually increased.

E. Interlocks and Audible/Visual Warnings

Interlocked doors or gates are used to prevent firing of Hawk if

personnel have entered either the test cell, Marx room, or second floor

high radiation area. The locations of interlocked doors for the first

floor area are shown in Fig. 15. The entrance gate to the test cell has

an interlocked switch to prevent charging and firing of the generator if

entry is attempted. The four entrances to Room 1118 (Marx room) also

have interlocked switches for the same purpose. The three interlocked

gates on the second level are shown in Fig. 16. These also prevent

firing of the generator if a person enters the high radiation area on

the second floor level above the test cell. All of these interlocks
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have the feature that they will not automatically reset if someone sim-

ply closes the gate behind them after passing through. Fencing is also

installed on the second floor where needed to prevent people from enter-

ing the high radiation area without triggering the interlock system.

Emergency disabling of the generator is possible with "Scram" or

panic switches which are located in the test cell and the second floor

areas. These switches have the feature that they must be reset manually I
before firing procedures can be resumed. Also audible/visual warnings

are installed in the test cell, Marx Room (1118), and second floor areas

as shown in Figs. 15 and 16. These devices are activated during the

charging and firing sequence of the generator.

V. INITIAL PERFORMANCE

After the initial checkout shots with a short circuit located at the

door of the G-5 diode, POS hardware was added with a short circuit load

as shown in Fig. 17. The figure shows the electrical diagnostics, con-

sisting of a capacitive voltmeter in the oil section, VD; a current

shunt between VD and the insulator, ISHT; four B-dot loops which are

added together to provide an average current in the vacuum region at the

insulator, IOUT; a Rogowski coil upstream of the POS, I•; and two B-dot

loops at the load, ILu and IL. Eighteen flashboards provided the plas-

ma source for the POS. The opening switch hardware was taken directly

from Pawn. 16 ,17 Figure 18 shows the upstream and downstream currents as

measured by IOUT and an average of the load B-dots for a typical shot

with a short circuit load. After conducting for 900 ns the POS opened,

transferring a peak current of 640 kA to the load in less than 90 ns

(10 to 90% points) with a ±72 kV charge on the Marx. This current is at

the level expected for this charge voltage and scales to 800 kA for a

charging voltage of ±90 kV.

A comparison of the output currents of Hawk and the present up-

graded Eyess generator at PI is shown in Fig. 19 for a ±80 kV charge

voltage. The upgraded Eyess has eight capacitors per Marx module as in

Hawk, but the modules have been repackaged into much smaller units which
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3 has significantly reduced the Marx inductance. This accounts for the

faster rising, higher peak current of Eyess shown in the figure.

The Hawk generator is now operational, with investigations of long-

conduction-time POS currently in progress. Hawk has proved to be a very

reliable, high-shot-rate generator for opening switch research in the

800-kA, 1-ps regime.

VI. ACKNOWLEDGEMENTS

ft The authors wish to acknowledge useful technical discussions with

members of the Pulsed Power Physics Branch, the guidance and encourage-

ment of Dr. G. Cooperstein, and the critical assistance of the Plasma

Physics Division (Code 4700) and the Director of Research (Code 1001) at

NRL. This work would not have been possible without the guidance of

J. Burton for site modification and preparation and without the expert

technical assistance of J. Fields, R. Fisher, G. Longrie, and

3 B. Roberts. Personnel from PI were extremely helpful during the design

and installation of Hawk, especially Dr. P. Sincerny and T. Tucker.

3 This work was supported in part by the Defense Nuclear Agency.

VII. REFERENCES

1. "Proposal for Joint DNA/NRL Facilities Upgrade", Plasma Technology
Branch Tech Note No. 88-47, Proposal No. 47-023-88/89-90,
unpublished.

2. G. Cooperstein and P.F. Ottinger, "Fast Opening Vacuum Switches for
High-Power Inductive Energy Storage," IEEE Trans. Plasma Science,

I PS-I5, Guest Editorial, 1987, p. 629.

3. P. Sincerny, D. Drury, J. Goyer, G. James, M. Krishnan, J. Levine,
C. McDonald, and I. Roth, "A Microsecond Marx Bank for Driving High
Current Electron Beams," 7th IEEE Pulsed Power Conference, Monterey,
CA 1989, IEEE Cat. No. 89CH2678-2, p. 275.

4. D.D. Hinshelwood, "BERTHA - A Versatile Transmission Line and Cir-
cuit Code," NRL Memorandum Report 5185, Nov. 1983.

5. H. Nguyen and B.V. Weber, "Technote for RLC Program," Plasma Tech-5 nology Branch Tech Note No. 85-25, unpublished.

I

27

1 409



I

6. J.D. Shipman Jr., J.R. Boiler, P.J. Goodrich, and S.J. Stephanakis,
"Results of G5 Diode Insulator Flashover Tests at Longer Than the
Original Design Times Utilizing Gamble II in a Special Long Time
Output Mode of Operation," Plasma Technology Branch Tech Note
No. 89-12, unpublished.I

7. D. Hinshelwood, R. Boller, P. Goodrich, R. Fisher, and G. Longrie,
"Current Contacts in the Hawk Marx," Plasma Technology Branch Tech

Note No. 90-08, unpublished. 1
8. R.D. Evans, 1he Atomic Nucleus (McGraw Hill, New York, 1955) p. 615.

9. "Shielding for High-Energy Electron Accelerator Installations,"
National Bureau of Standards Handbook 97, 1964, p. 48.

10. Wm. J. Veigele et al., "X-Ray Cross Section Compilation from 0.1 keV i
to J. MeV", Defense Nuclear Agency No. DNA 2433F, Kaman Sciences
Corp., Colorado Springs Colorado, July 31, 1971.

11. J.B. Marion and F.C. Young, Nuclear Reaction Analysis (North-Hol-
land, Amsterdam, 1968) p. 100.

12. Op. cit., ref. 9, p. 35. 3
13. Op. cit., ref. 8, p. 714. I
14. Op. cit., ref. 9, p. 10.

15. Radiation Protection Manual, NRLINST 5100.11D, Feb. 1982. 3
16. R.J. Commisso, J.R. Boiler, G. Cooperstein, R.D. Ford, D.D. Hinshel-

wood, D.J. Jenkins, J.C. Kellogg, W.H. Lupton, J.D. Shipman, Jr.,
and B.V. Weber, "Pawn, an Inductive Storage Pulsed Power Generator 5
for High Power Operation," Seventh IEEE Pulsed Power Conference,
Monterey, CA, June 1989, IEEE Cat. No. 89CH2678-2, p. 272.

17. B.V. Weber, R.J. Commisso, P.J. Goodrich, J.M. Grossmann, D.D.
Hinshelwood, J.C. Kellogg, and P.F. Ottinger, "Experimental PEOS
Research at NRL," DNA Opening Switch Workshop, Alexandria, VA, Jan.
1990, unpublished. I

28

410



PLASMA TECHNOLOGY BRANCH TECH-NOTE NO. 90-08

TITLE: "CURRENT CONTACTS IN THE HAWK MARX"

I DATE: 27 March 1990

I AUTHORS: D. Hinshelwood, R. Boiler, P. Goodrich, R. Fisher, and G.
Longrie.

IABSTRACT: This note describes our modifications to trie current contacts in
the Hawk Marx. A test assembly allowea us to evaluate and
compare several contact techniques under realistic conditions.
The new contacts are a significant improvement over the old

' design.

I
** THIS REPORT REPRESENTS

UNPUBLISHED INTERNAL WORKING

DOCUMENTS AND SHOULD NOT BEIREFERENCED OR DISTRIBUTED

I ** THIS REPORT CONTAINS REALLY
* BORING ENGINEERING DETAILS

I1
4I

I
I
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Background

During the initial testing of Hawk, breakdowns in the Marx occurred,
especially above 80 kV charging voltage. Carbon build-up from sparking current
contacts was determined to be the culprit, based on visual Inspection and

conversations with Terry Tucker at PI. The sparking seemed to occur only at

connections related to the capacitor high voltage terminals; those involving the

ground rings, which have lower linear current densities, appeared fine. We have

now significantly improved these contacts.

Old arrangement

The original arrangement is best described with reference to Fig. 1. The

capacitor terminal was connected to a 5/16 In plate and two, 1 In plates, all of

mild steel.' The connections were made by disk-shaped sections of brass screen.

The top plate made a butt contact with 3 in OD x 3/16 wall aluminum tube.

All of these were held together by a 3/4-10 bolt torqued to 25 ft-lbs and a spring

washer. Half of the top of the aluminum tube was cut away and the remaining

half was connected to a section of 2-5/8 GD aluminum tube with a hose clamp.
The OD of this tube was a few mils over the ID of the half-tube. This tube

was either connected to a top plate, or to a switch which was connected to

the top plate. The top plate was connected to the thigh bone. All of these

connections were of the tube/half-tube type. This type of connection allowed

the switches to be removed easily, and did not seem to be the source of much

sparking. The screen and butt contacts seemed to be bigger problems.

Initial testing

In the first modification the screen connections were replaced by sections of

RG-223 center conductor with both braids on. These were forced into grooves

with the dimensions indicated in Fig. 1. The ends were dressed with solder in

attempt to eliminate frayed edges. They were lightly coated with flux, dipped in

hot solder, and then sanded down. This turned out to be a fairly time-consuming

procedure.
A variation of the "Capitals" pulser was used to test different contact

techniques. The first set-up, shown in Fig. 1, tested all of the contacts used in

the original and modified arrangements. In addition, an extra plate was added

where the RG-223 was replaced by one of our standard braided 0-rings. This

consisted of 1/8 in 0-ring material covered with one of the RG-223 braids. (The

use of both braids was previously shown to reduce compressibility and degrade

performance.) After gluing the 0-ring the braid ends were pushed together and

smoothed out but were not soldered, so that some fraying remained. The top

2
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2-5/8 tube slid into the standard capitals hardware. Thus, this arrangement also
tested other contacts: a braided O-ring sliding seal, with the groove dimensions
shown, and two other braided 0-ting flat seals (not shown) with grooves that
were .100 In deep but >.200 wide, so that no pressure was exerted by the side

walls. The pulser was terminated by 21, 2 ft. long type C cables with shorted I
ends. These cables were connected by banana plugs and type N connectors.

The sliding seal in the "Capitals" hardware was new, but the other connections

had many shots on them. I
The 2.1 AF capacitor was charged at 2 mA to 49 kV and discharged about

every two minutes for 200 shots. The current had a 2.8 pis period and roughly 5
10 As time constant, indicating 230 kA peak current, 90 nH, and about .0111.

The calculated inductance outside of the switch and capacitor was 40 nH and

20-25 nH is a reasonable number for the switch, so the capacitor Inductance
is much less than the 100 nH specified maximum. By comparison, the 82 kV

charge, single module Hawk parameters are about 190 kA peak current and 7.5

As time constant. Thus, each test shot had the f1 2 dt of about 2 Hawk shots.
The connections were examined after testing. As expected, the screen

connection showed carbon build-up and signs of arcing. The sliding and flat
braided O-ring connections were completely unaffected, except for slight marks

on the electrodes corresponding to the braid joint. No burning was evidenced

at the braid ends, either. The cable braids also looked fine, although the larger
diameter braid showed some faint signs of burning (the silver color was beginning

to look coppery). There were no signs of trouble at the soldered braid ends.

The butt joint showed the worst damage, with a lot of carbon and significant
arc damage on the aluminum. The hose clamp connection seemed to work

surprisingly well; there were some faint signs of arcing, but nothing like we would

have expected.

Second design

We felt that the hose clamp connection was adequate for now, but the butt

joint had to be improved. It was replaced by a braided O-ring connection,

as shown in Fig. 2. The groove dimensions and bevel angle used allowed the

aluminum piece to seat against the steel, preventing it from being cocked, and

gave a fairly uniform compression of the O-ring. These dimensions were chosen

after several cut-and-fit attempts.
The test set-up was reassembled with the new contact, and with the screen

replaced by another cable braid connection. The cable braids were new but

the braided O-rings were re-used, and no attempt was made to clean the oil off

of them or their grooves. After 150 shots the connections were examined and

everything looked good. The new contact had absolutely no sign of damage

4
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except for a tiny dot of carbon at the braid joint. The cable braids showed no

sign of burning, either.

Examination of the oil showed some small (<0.5 mm) pieces of metal and
one (few mm) fragment of braid. This gives some cause for concern, but the

metal may well have come from other connections on the "Capitals" hardware,
for example washers on the type N connectors at the top. Some arcing was

observed at these locations, and between connections on the outer can, although
it may have occurred before the testing.

"Summary 3
We now have a set of current contacts on the Hawk Marx that should work

quite well. We might want to improve the hose clamp connections at some
point in the future but right now that does not seem to be a high priority. After

50-100 shots it will probably be a good idea to drop the oil and examine one
capacitor for the presence of metal particles. Braided 0-rings seem to make the

best current contacts although fraying the the ends might be a problem. The
test assembly was useful, since several of the contacts worked differently than

expected.
(Note: for the PI confined discharge experiment, similar currents were carried

by a 1/2 in ID braided O-ring seal, with a zAr of 0.132 in. This also showed no

sign of damage, although the rod was re-inserted every shot, which may have

helped by scraping a clean surface each time.)

6
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PULSED POWER PHYSICS TECHNOTE NO. 93-13

TITLE: ZFX-A PULSED POWER DRIVER USING A PARALLEL PLATE
WATER CAPACITOR (Summary of the oral presentation at the 9t Pulsed
Power Conference, 21-23 June 1993, Albuquerque, NM)

AUTHOR(S): J.D. Sethian, J.R. Boiler, R.J. Commisso, J.C. Kellogg, B.V. Weber,
P.J. Goodrich, and D.D. Hinshelwood

I DATE: 21 July 1993

ABSTRACT:, A new pulsed power generator that uses a thin parallel plate water capacitor as
the intermediate store is nearing conipletion at the Naval Research Laboratory.
The plates are made of relatively thin (2.54 cm thick) aluminum sheets and rely
on "plastic field attractors" to reduce the field enhancement at the plate edge.

I The water capacitor is pulse charged by a conventional 340 kJ Marx, and then
discharged by a self-break rimfire-type switch into the load. Because the plates5are thin, over 70% of the stored water is used to store energy, and thus the
system is very compact. Other potential advantages of this system might be cost
and ease of fabrication and maintenance.

The first experiments on ZFX, will be to drive current through a plasma opening
switch. It is anticipated that ZFX should be able to deliver a current of 1 MA
with a risetime of 300 nsec to the switch. Peak current would be 1.4 MA at 625
nsec.!

THIS REPORT REPRESENTS
UNPUBLISHED INTERNAL

WORKING DOCUMENTS AND
SHOULD NOT BE REFERENCED

OR DISTRIBUTED

4I
I
I

417I



r

I

Figure 1: Title

Figure 2: Schematic layout of the system showing the system architecture, the electrical
parameter range, and the power conditioning times scales appropriate for the ZFX

water capacitor.

Figure 3: Comparison of two approaches for storing electrical energy using water 3
capacitors; In the coaxial system (left) a large fraction of the water, namely that
inside the inner conductor, does not store energy and hence a significant volume I
wasted. In contrast, a parallel plate water capacitor (right) can be much smaller
because a greater fraction of the water is used to store energy. The problem with

the coaxial construction can be ameliorated somewhat by using multiple parallel I
coaxes, as described below. The problem with a parallel plate arrangement is
what to do about the field enhancement at the edges. By using the tech.niques 3
described below, we show that the parallel plate construction results in more
efficient use of the water compared with an optimized multiple coax system. 3

Figure 4: The enhancement at the edges is shown in graphic detail in this plot. This is an
equipotential plot of the circled area shown in Figure 3, for a parallel plate
capacitor charged to 950 kV and an interplate spacing of 12.5 cm. Note that while
the field between the plates is uniform at 75 kV/cm, that at the edges is 360
kV/cm, which will exceed the breakdown strength in water.

. igure 5: If however, one places a plastic block at the edge of the plate, the lower dielectric
constant of the plastic (2.2 vs 81 in the water) causes the equipotential lines to be
pulled away from the plate edges. In a sense the plastic is "attracting" field lines
into it, and hence can be thought of as a "Plastic Field Attractor" (PFA). Note 3
that in this example the field between the plates is uniform at 75 kV/cm, except at
the transition to the curved edge of the plate where it increases to 108 kV/cm.
This is still below breakdown. The field in the bulk plastic is 184 kV/cni and I
should also be well below breakdown, provided the plastic is free of voids and

impurities. This technique using shaped plastic to locally reduce field stresses in I
water is not new, however, this is the first time that it has been proposed as the

basis for an entire system. Note that these plastic pieces are essential for the
parallel plate capacitor to be a viable concept. Otherwise the plates would have

TN 93-13 418 page 1
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1
to be so thick (in order to have a large enough radius to reduce the field

Senhancement) that the volumetric efficiency would be dismal.

Figure 6: Experimental apparatus used to test the PFA concept on a small scale. This tests
the PFA concept for both positive and negative high voltage plates (see the

ground aperture at the feed), and it tests the more severe conditions where the
corners of the plates must be rounded.

Figure 7: Data from the test apparatus show the concept should be viable; According to5 these results it should be possible to operate a full scale water capacitor at 14%
above its design value of 1000 kV. Autopsies indicated the system was as likely5 to break along the plastic as in the water gap itself, implying the plastic/water

interface was no weaker than the rest of the system. During these tests a number

of "construction faults" were deliberately introduced in order to determine the

robustness of the system. These included gaps in the plastic (perpendicular to the
plate edge), gaps between the plastic and the edge of the plate, holes drilled intoIthe plastic to simulate voids, and trapped air in the water. Only the latter two
caused a problem, which was taken as a clear warning of the importance of

3 removing all trapped air.

3 Figure 8: Line drawing of the ZFX water capacitor. The water capacitor is housed in two

boxes, each 8 feet wide x 10 feet long x 5 feet high, situated on either side of the
switch load region. The latter is mounted on a "raft" that bridges the two water

capacitors. The plates are oriented so they behave as several parallel plate
transmission lines feeding into a common collector.

Figure 9: Photo of a model of the ZFX water capacitor.'

Figure 10: Photo of the ZFX water capacitor under constructionI
Figure 1 : Photo of the ZFX water capacitor under construction

Figure 12: Performance of ZFX as modelled with a simple transmission line code.
Maximum predicted current is 1.5 MA @ 600 nsec.

3 TN 93-13 419 page 2
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Figure 13: Calculations show that ZFY should operate well below the limits of electrical
breakdown in water, provided a divertor switch is incorporated in the system.
These breakdown strengths were calculated using rather pessimistic assumptions:

It was assumed that the A"058 dependence holds for large areas, and that the I
breakdown is a cumulative process; i.e. once a streamer is launched, it will
continue independent of the polarity of the surface.

Figure 14: Using available data, the surface of the plastic should also be operating well I
below breakdown.

Figure 15: Equivalent circuit of ZFX as it was configured for the first, low voltage power I
tests. The switch inductance in this circuit is about a factor of 2.4 higher than in
the circuit used to compute the maximum performance shown in Figure 12. This I
reflects the reluctance of the switch to multichannel at lower voltages.

Figure 16: Comparison of calculated and measured water capacitor waveforms.

Figure 17: Comparison of calculated and measured output current waveforms. Load is a 1I

diameter bolt. 5
Figure 18: A comparison between a multiple coaxial tube water capacitor (based on the PI

Decade design) and a parallel plate arrangement. The parallel plate arrangement
can store the same amount of energy but in 75% of the volume. I

Figure 19: Summary

I
I

II
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I INVESTIGATION OF PLASMA OPENING SWITCH CONDUCTION AND OPENING MECHANISMS

B.V. Weber, RJ. Commisso, PJ. Goodrich,* J.M. Grossmann,
D.D. Hinshelwood, J.C Kellogg, and P.F. Ottinger

Plasma Physics Division, Naval Research Laboratory, Washington, DC 20375-5000 USA

Abstract Plasma opening switch techniques have been applications require ever-increasing power levels from the

developed for pulsed power applications to exploit the generators, which eventually may be limited by size, cost, and

advantages of electrical energy storage in a vacuum inductor physics constraints.[Il New approaches are being sought that

compared to conventional, capacitive-based energy storage. will enable power levels in excess of that possible from present

Experiments are described that demonstrate the successful generators, which are based on capacitive energy storage and

m application of these techniques in conduction time ranges from water-filled transmission lines. One technique that might

50 ns to over 1 ps. Physics understanding of the conduction and overcome these constraints is the use of a plasma opening switch

opening mechanisms is far from complete; however, many (POS) to exploit the advantages of inductive energy storage

insights have been gained from experiments and theory. (higher energy density in vacuum compared with the electrical

Measurements of current distribution, plasma density and ion energy density stored in a liquid-dielectric capacitor).

emission indicate that conduction and opening mechanisms The POS technique has been successfully used at many

differ for 50 ns and 1 jus conduction times. For the 50 ns laboratories.[2] Two different objectives can be identified: 1) toI conduction time case, switching begins at the bipolar emission compress the power pulse of a conventional generator, and 2)

limit and opening is by erosion. In the 1 ps conduction time use the POS as the primary switch in an inductive generator. An

case, limited hydrodynamic plasma displacement implies far important example of the use of a POS on a conventional

higher plasma density than is required by the bipolar emission generator for pulse compression is PBFA II at Sandia National

limit. Magnetic pressure is required to augment erosion to Laboratories, where an injected plasma conducts the generator

generate the switch gap inferred from experiments, current as it rises to 5 MA in 50 ns, then opens, delivering an 11
MV, 30 TW pulse to a diode load.[3] This technique will allow
the production of a higher power, faster pulse than could be

Inductive Pulsed Power achieved without the POS. Newer, "inductive" generators use a

.Using Plasma pening Swiches POS to conduct current during the time required to transfer
energy from a high current Marx bank to an inductor, usually

m Pulsed power generators are used to produce intense about 1 ps. This allows the use of lower voltage capacitor banks

electron and ion beams, and to drive high current through and eliminates the need for large, water filled transmission lines.

plasmas for several applications, including: inertial confinement If the opening switch performance is ideal, generators could beI fusion research, magnetic fusion research, and high-power developed with output powers exceeding capacitive systems. At

radiation production, from microwaves to gamma rays. These present, results are promising but far from ideal. An impressive

VOLTAGE DIVIDER 10 1 1 II .
SHOT 3426 f~lrc - 1~2cm_08 - GMBLEfl AL.t8pi

06./10 (MA)O

04

ýGAMBLE 11 02

FLASHBOARD PLASMA 0-".
SOURCE 131 ANODE (NUCLEAR

(MV) 
VL-,• DIAGNOSTIC)

Vý 4

STORE REGION CATHODE 3 PL
F RGIN(TW) 2-IL,•c.-'72 •,.

I 5T W -- _\. .> .

0 *.1
0 20 40 60 80 100 '20 140 160

Fig. I (a) Gamble 2 POS experiment (b) measured load current, voltage and power (IL, VL, PL), and

ideal matched load voltage and power (VM,., POL)
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example of the application of the I ps conduction time POS is ingly higher in the short conduction time case. It may be
the GIT-4 generator at the Institute of High Current possible to understand the difference in basic physics in these
Electronics. Power pulses over 3 TW have been generated after different conduction time ranges. This is especially important in
conducting up to 2 MA in I ps.[4] order to exploit the POS for higher power generation in the 1-Ps

Experiments have been performed at the Naval Research conduction time range.
Laboratory (NRL) on smaller generators in both the 50 ns and
Ijus conduction time ranges. These NRL experiments will be Descriptions of Conduction and Opening Mechanisms
used to illustrate several properties of the POS. One example[5]
of the 50 ns conduction time POS on a high power conventional In this section, conduction and opening mechanisms are
generator is shown in Fig. 1. A POS configuration using three described in an intuitive way for later interpretation of
flashboards[6] on Gamble 2 at NRL is diagrammed in Fig. Ia. experimental results. The initial plasma conditions are not well
Experimental results are shown in Fig. lb. On this shot, the known for most POS experiments, but a reasonable starting
PEOS conducts the generator current, Ir, for 60 ns as it rises to point is shown schematically in Fig. 3. The plasma is injected
900 kA. Rapid switching then occurs, resulting in a peak load into the switch region from outside of the outer conductor. The
voltage of VL = 4.6 MV. The peak load power, PL = 3.5 TW, is plasma flows with supersonic velocity (- 10 cm/ps) through
higher than the ideal matched load value, PML = 1.5 TW, by a apertures in the outer conductor (anode) toward the center
factor of 2.3. This power amplification is the result of the conductor (cathode), bridging the gap before the generator is
voltage multiplication over the matched load value, fired. The ion species is primarily C++. The plasma will
VML = 1.7 MV, and the relatively high load current, conduct current as a short circuit and then "open" (i.e., current
IL = 750 kA, compared to the matched load value, will suddenly increase into a downstream load). In the high
IML = VML/20 = 850 kA. power experiments under consideration, it is assumed that the

An example[7] of the 1 ps conduction time POS is shown cathode (or cathode plasma) becomes a space-charge-limited
in Fig. 2. The "Hawk" generator at NRL uses a fast, high-current emitter and the anode becomes an electron collector. Plasma
Marx bank to drive a POS. The POS configuration using 18 ions are collected at the cathode and ions can be injected into
flashboards is shown in Fig. 2a. Data from a high power shot the switch region through the anode.
are shown in Fig. 2b. The generator current is conducted by the Conduc.ion is primarily by emitted electrons passing
injected plasma during its rise to 650 kA in I pus. Most of this through the background plasma. The electron orbits can be
current is rapidly switched into the diode load, generating a load influenced by electric and magnetic fields in the plasma and by
voltage of 750 kV and 0.37 TW peak power. plasma turbulence (anomalous collisions). (The problem of

The examples in Figs. 1 and 2 illustrate a fundamental detailed interactions between conduction electrons and the
difference between 50-ns and 1-ps conduction time POS results. plasma is beyond the scope of this paper, but is an active area of
The energy stored in the Marx bank (200 kU) and the energy research with fluid and PIC codes.[8]) Assuming bipolar
dissipated in the load (40 kW) are about the same for both cases. conduction across a stable gap, the emitted electron current
The power obtained in the short conduction time case is about density is orders-of-magnitude higher than the io-i current
10 times higher, and the pulse width ten times smaller, than for density,
the long conduction time case. This is equivalent to the notion
that the switch opening time is proportional to the conduction 1e tr[- 1
time, and that the switch resistance after opening is correspond- e 0 o C

FLASHBOARD 01t P peak power = 0.37 TW

800
I' RODS IL -x .(kA)

DIODE -

0LAV,(kV)
S, (~~i-T - . .

L 400. I

201

4 '20

0.0 0.5 1.0 -1.5

(a) (b) time (AJ.s)

Fig. 2 (a) Hawk POS experiment (b) generator (IG) and load (IL) current and voltage (VL)
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I . Coaxial POS geometry and plasma injection region >

where J, (J,) is the ion (electron) current density, M, (mre) is the

ion (electron) mass, and Z is the ion charge state. The (b)

maximum current density that can be conducted in this way is

limited by the maximum ion current density, J,_5 n, Z e v, where

ni is the ion density and v is the maximum ion collection rate at

the cathode. This bipolar current density limit is r -Z

H f . Eig.4 Conduction physics: (a) bipolar, space-charge-limited

JBP - e- n e V > . (2) emission, (b) axial plasma displacement by magnetic
pressure

where n, is the electron density, and quasineutrality is assumed.

Bipolar conduction is illustrated in Fig. 4a. the familiar "critical current" formula,

Magnetic forces may displace or distort the plasma 2xe c

during conduction, as shown in Fig. 4b. The azimuthal field on ec "t2_,)1/2 -r-- 8500 (_2_1)112 r Amps (4)

the generator side of the POS is unbalanced on the load side C e ;°o D D

during con.duction (the load current is zero). This results in an

axial displacemernt of the plasma toward the load. The plasma where r is the cathode radius, D is the gap size, and the

I center-of-mass e'splacement in the axial direction of a thin relativistic factor, -y, is related to the voltage across the gap. V,

cylinder at radius r and length 1o is independent of the actual by

current and mass distributions in the plasma and is given by
I Z1 + 2 V(tll) (5)

8 M I2 dt (3)

8 r1 M.n The ability of the switch to open effectively is equivalent to its
o I. eability to generate a large enough gap. This is the critical issue

where ,o =4r x 10-7 H/m. This bulk plasma displacement is of POS physics. Understanding the gap opening mechanism and

useful for estimation purposes, but does not indicate the plasma how conduction and opening are related are subjects of

distribution after displacement. This axial plasma motion is research. Here, two possible opening mechanisms, erosion and

I associated with radial current in the plasma. Radial motion can magnetic pressure, will be discussed.

occur if the plasma conducts current in the axial direction. Erosion opening begins when the influx of ion current is

Estimating the radial displacement requires knowledge of the insufficient to maintain a steady gap. The bipolar current

current and plasma mass distributions. In POS experiments,

switching could be induced by these magnetic forces at current IG IL > IC

levels fai ess than the bipolar value in Eq. (2). The competition * .

between hydrodynamic processes and emission processes will be

discussed in the following section.

The POS is "open" when the current flows in a

downstream load, or when the switch resistance increases to a

high value compared with the resistance during conduction

(essentiai-y zero). For the high power levels involved here, it is

imagined that a magnetically insulated gap forms near the

cathode, preventing electron conduction between the switchE electrodes. as shown in Fig. 5. This occurs when the gap size is

roughly equal to the electron gyroradius. This condition leads to Fi.5 Magnetic insulation gap near the cathode
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I( > IC IL < IC POS. For higher load impedance, the insulation requirement is
violated, and current loss in the switch occurs. (The load may
also have an effect on the gap obtained through feedbackWI".::." ..:..... .......•. 1between switch and load.) These basic POS concepts will be

(a +used in the interpretation of experimental results of the
following section.

Experimental Measurements U
and Comparison With Theory

Several experimental results are presented is this section
that characterize POS operation. Magnetic field probe
measurements in the plasma during shots show the evolution of
the current distribution and can be used to estimate plasma
motion. Plasma density is measured using the plasma sources

(b) , only, without firing the generator, to determine the dependence
J. of POS operation on the initial density. Biased charge collectors

inside the center conductor are used to measure the ion current
density distribution to evaluate opening processes.

r Measurements are presented for short and long conduction
times to demonstrate the relative importance of the conduction
and opening mechanisms described above.

Ei" Opening mechanisms: (a) erosion (b) magnetic pressure Current Distribution Measurements

density limit [Eq. (2)], multiplied by the emission area gives this
conduction current limit: The azimuthal magnetic field is measured in the plasma

cross section by inserting small pickup loops into the switch

- 2 xr 1 J 6 region. The integral of the signal is proportional to the current
BP r BP flowing through the circle with radius equal to the probe radial

location, assuming axisymmetry. The probes are calibrated on
where Is c l e is the length of the emitting area on the cathode. If shots with no plasma injection, normalizing the probe signals to
the current exceeds this value, the gap may grow by the erosion the measured current.
mechanism illustrated in Fig. 6a, where ions are removed from An example of a current distribution measurement in
the plasma surface faster than they are replaced The gap Gamble I is shown in Fig. 7. The plasma injection region is
opening rate is 10 cm in axial length (z = 2-12 cm in Fig. 7). The center

dD J- (7) conductor radius is 2.5 cm, the outer conductor radius is 5 cm.
d . v The Gamble I current rises to 200 kA in 50 ns, as indicated by

the current at z = 0. The (short circuit) load current (z = 21
"Enhanced erosion" occurs when the magnetic field increases the cm) is zero for t :s 40 ns, and rises quicKly at about t = 50 ns.
electron life time in the gap, greatly increasing the ion current The probes in the plasma, - 1 cm from the center conductor,
fraction as in an ion diode. The opening rate in Eq. 7 can be indicate the current distribution evolving with time. The current
very fast in this case.19] Another opening mechanism candidate flows in a wide channel, about 6 cm at t = 40 ns, which is 30
is magnetic pressure pushing the switch gap open. Radial times wider than the collisionless skia depth (c/l,,. 0.1 cm for
displacement of the plasma is related to axial plasma current ....--- ,--,___,

d ( -D B* (8) 200T de ct 3 Z
where p is the mass density and BI is the azimuthal magnetic + ÷+ +--ons

field. This opening mechanism is illustrated in Fig. 6b. +

For a given switch configuration, the size of the gap Z 1oogenerated in the P0 limits the power that can be delivered to a\ 4Ons

load, assuming the magnetic insulation requirement of Eq. (4). "o 2 ,10c"n

The maximum load current, l,•,is determined by the generator 20= a
(and storage inductance). This maximum current, and the gap o
size, determine the maximum voltage, V., [Eqs. (4) and (5)], o
possible to maintain insulation, This maximum voltage is 0 4 a ,2 ,c 20
obtained when the load impedance is VJIn.. For the usual z(Em)
case of a pinch beam diode load at critical current, this -
impedance corresponds to equal D/i ,atios for the load and Fig. 7 Current distribution in Gamble 1 POS experiment
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0 pos the current penetrates the plasma, the current channel is broad,
800 F opening begins when the current reaches the load end of the
I I700----1 A injection region, and the plasma center-of-mass translation is
G-O A400 ns limited to about half the injection length.
500 0•, \ -'-600ns

-4 Plasma Density MeasurementsS40'-A- 800 ns
Z300

,In Gamble I POS experiments the conduction current is
200 '\ "A, proportional to the initial density. The plasma density is varied
100-,_.. by changing the number of sources, the voltage on the capacitor

0 5 10 15 20 25 30 bank driving the sources, and the time delay before the start of
the generator current. Peak switch current is plotted vs. time

- Z (cra delay in Fig. 9a for two different plasma sources, 3 guns at 15 kV3 Current distribution in Hawk P0S experiment and 12 guns at 25 kV. The conduction current is higher for the

high density plasma source (12 guns). The average electronthe= 2.5px 1013 cm-i). Opening occurs by current interruption in density was measured for these sources in the actual
the plasma injection region instead of by current convection to experimental configuration, but without firing the generator,3the load. This can be interpreted to mean that the axial plasma using a 140 GHz microwave interferometer. The .witch current
displacemeat is small, Other measurements[ 101 at different uiga10Gzmcoaeitreoee.Te-ic urn
radispllocac tions sm cal. O thr m hepasureme[ at dierent i is plotted against the initial electron density in Fig. 9b. The
radial locations indicate that the plasma current is switch curreiut is directly proportional to the initial density, with
viciiyo h ahd cneodco) data from both sources collapsing to the same fitting curve.I predominately radial and that the current is interrupted in the dt rmbt ore olpigt h aeftigcre

vicinity of the cathode (center conductor). Measurements[12] of the initial density in the Magnetically
Similar me surements[11] are shown in Fig. 8 for a long Injected Plasma (MIP) configurationf 13] used on PBFA III (1 ts) conduction time experiment on Hawk. In this case, the indicate a similar trend, as shown in Figs. 10a and 10b. In this

center conductor radius is 5.5 cm, the outer conductor radius is experiment, the switch current depends on the timing and on the
9 cm, the injection region is 8 cm long and the short circuit load magnetic field strength used to direct the plasma into the switch
80is located at z = 3" cm. The Hawk current rises to 700 h A in region. When plotted against density, (Fig. 10b), the data points
800 ns, as indicated by the current at z = 0. Switching begins at fall on a straight line that intercepts the y-axis near the origin.
800 ns. These data are qualitatively similar to the Gamble I The Gamble 1 and PBFA II experiments differ in current

case, except on a far longer time scale. Current is conducted magnitude, plasma injection scheme and conduction area,

* through a wide channel that penetrates the plasma length during however, the average current density, J sh /(2m rin), at switching

the conduction period. When switching begins, the current is proportional to the density, with about the same

still located in the plasma injection region with little proportionalty t he results ay b e g al e

displacement toward the load, implying that the plasma is all short conduction time experiments by [7]

localized in this region also. (The small current levels indicated

between the injection region and the load are probably the
result of low density plasma injected into this region by the J (kA/cm 2) 0.6 x ne (1013 cm 3 ) (9)I plasma sources instead of current convection from the injection
region toward the load.) These two examples illustrate a basic This proportional dependence of J on nc agrees with emission-
similarity between short and long conduction POS operation: limited conduction, Eq. (2), but is smaller by about a factor of 3,

250 . 0 3 guns 12Vuls

2015 kV bark J 25 kV bark

"" 2525 kV bank 15 kV bar•k

c 150 Li

S100 0 0

I 0I = 84 ni.01

1 2 3 4 5 e 0.0 0.5 1.0 1.5 2.0 2.5 3.0

(a) time delay (gs) (b) density (10'" cmr)

I .Ei&9 Gamble I conduction current vs. (a) time delay and (b) density, for different plasma sources
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2.5 .1.8 As

2. 0A 
0 2.4 As

0A 3.8 As
c 0.5 0. 0 4.7 0

A - u 1.8 As & 5.4 As 00I
1.0 (3 2.4 As

. 3.8 As

S0.5 0 4.7 A's 1= 0 .2 5 + 0 .1 7 n

, 5.4 AS

0.0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 2 4 6 8 10 12

(a) slow coil flux (V-s) (b) density (1012 cM- 3)

. MIP switch current for different plasma timings plotted against (a) •iow field and (b) density

assuming C++, v = 10 cm/ps, and 1. = 10 cm. The limited (10) are compared in Fig. 11, for a given plasma density. The
emission length inferred from the current distribution generator current density rises from the origin in this plot and
measurements (I -. 1o]2, Fig. 7) bring the bipolar limit and the intersects either J3 , or Jh,),,, depending on the slope of J(t).
empirical relation into closer agreement. This quantitative Hydro-limited conduction, as described by Eq. (10),
result supports the basic physics idea of emission-limited predicts scaling with density that is less than linear. For the case
conduction. of J(t) a t, J2t2 - J4 3 J o n/4. In the absence of a direct density

The limited hydrodynamic displacement of the switch measurement, this scaling is tested on Hawk by varying the
plasma during conduction makes the empirical scaling of Eq. (9) average plasma density by changing the number of plasma
invalid for the 1 ps conduction time case. The center-of-mass sources. The density at opening is related to the time delay
displacement of Eq. (3) can be used to estimate the importance between the flashboard driver current and the load current. The
of hydrodynamics for these different conduction time regimes. average density is then proportional to the number of
For Gamble 1 and PBFA II, using measured densities, the flashboards at a given time delay. Results of this experiment[7]
plasma displacement during conduction is negligible, are shown in Fig. 12, where peak switch current is plotted vs.
az < cm < < 1,,. Assuming Eq. (9) is also valid for Hawk, a time delay for shots using 3, 6, 9 or 18 flashboards. It is
density of 5 x 1013 cm- 3 is predicted. Using this density in immediately evident that the scaling is less than linear. The data
Eq. (3), the plasma displacement would be 400 cm, far higher points in Fig. 12 are fit by quadratic polynomials. The ratios of
than the estimated displacement based on magnetic probe these polynomials are plotted in Fig. 13. For comparison, the
measurements, that imply switching before the plasma square root and fourth root of the flashboard number ratio
displacement exceeds half of the switch length (about 4 cm from (density ratio) are shown on the right side. The measured switch
Fig 8). The limited plasma displacement during conduction current ratio is close to the fourth root of the density, as
indicates that the plasma density in Hawk is at least 100 times predicted by the "hydro-limit" of Eq. (10). The ratio obtained
higher than predicted by Eq. (9), or nr >_ 5 x 10's cm- 3. for 18 and 3 flashboards is higher for small delay times. This
Observations supporting this include the larger number of may be the result of the small conduction times in these cases
flashboards (18) required to conduct the Hawk current, where, eventually, scaling proportional to density is expected.
compared to the number (3) used in Gamble 2 for similar
conduction current, and density measurements with the
microwave interferometer that indicate the density is
> I x 1014 cm. 3 (the limit of the measurement). This argues that a 1t
Eq. (9) does not apply to the 1 ps conduction time case, or to any J hydro
situation where hydrodynamic displacement would be greater
than half the switch length before reaching the bipolar limit.
Setting az = 1,/2 in Eq. (3) defines a "hydro-limit" for BP
condaction

2 2 12 i ne (1
hydro 7 o z (10)

where r is the conduction time and a linear current rise is

assumed for simplicity. The conduction limits of Eqs. (9) and fjgJ. Switching thresholds for emission- and hydro- limits
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goo density can be orders-of-magnitude higher in the 1 ps conduction
time case compared with the 50 ns conduction time case. This

zaffects the gap opening rate for both erosion opening, Eq. (7),
-. 6o000 i Fe , and for magnetic pressure opening, Eq. (8).

00 3 F8*l~~ ~ ~0 0 0 
8 Ion (•urrent Measurement;

, 0 & 9 F:: Biased charge collectors inside the center conductor

measure the ion current density during POS conduction and

opening. An example[14] of this measurement using two
S...... collectors on Gamble 1 is shown in Fig. 14a. Signals
0.5 1.0 1.5 20 2.S 30 3.5 proportional to the ion current density are compared to the

time delay (ps) FB-I, timing of the generator and load currents in Fig. 14b. During

Hawk conduction current as a function of time delay conduction, the ion current increases after the current channel

for different numbers of flashboards reaches the measurement location. At opening, the ion current
increases drastically at both locations. The total ion current

2.S a - estimated from these localized collectors is > 15% of the switch
18:3 ratio current during opening. This is a lower limit because of the

----- 18:6 ratio collimating apertures used to measure the ion current.
2.0 18:9 The same technique used on Hawk[11] shows somewhat"�"-- ratio different results. At a given ion collector location, the signal

' -------- 4"3" peaks and decreases during the conduction phase. The total ion

-5 T6 current is compared with the generator and load currents in

____ ____ ____ --. Fig. 15. Thbe ion current is a large fraction, - 50%, of the switch
4W current with most of the ion current density dis:ributed over an

8 cm length, centered at the load end of the plasma injection
1.0 region. (In this case, non-collimating apertures were used to

I .obtain better quantitative measurements.)
FB-Ioad current time (Ps) Both short and long conduction time POS experiments

i Hawk conduction current ratios as functions of time indicate large ion currents to the cathode that could be the

delay for different numbers of flashboards cause of gap opening according to Eq. (7). The ion current
detected during conduction may indicate local gap opening that

The experimental measurements of the current progresses along the switch length. The ion current signals

distribut:'n and initial plasma density lead to a physical picture increase when the current front in the plasma passes the probe

of the conduction phase of the POS. The curient distribution location. In long conduction time experiments, the ion current is

measurements indicate that the plasma remains localized in the concentrated in a small . ;al region that moves along the

original plasma injection region. The required density depends cathode during conduction. The gap behind this ion current

on the lower of the switching thresholds in Eq. (9) (emission channel could continue to open by magnetic pressure, as

limited) and Eq. (10) (hydro limited). The minimum required described by Eq. (8).

ii 

I I I I I I I

GUNS fI 6 culs SHOT 3001

300 60V PEAK

SIL 500V BIAS

200"

OL --- MIDDLE rC -- LOAD FC(A

100- MIDDLE / \

(a) (b) 00 20 40 60 80 100 120 140 160 180

mFig4 (a) Gamble 1 experimental setup with two ion current monitors (b) signals proportional to

local ion current density and Io, IL signals
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700. .

600 800 ( 4 S.v~ S) (12)

03kA < o < 1kA

.400 0MC

300 where the lower limit corresponds to v = 0 (the ion flux is

200 ,. . [impeded by magnetic or electric fields) and the upper limit I
2/0 corresponds to "c = 10 cm/ps. The measured ion current density

100 o--- ... . in Hawk has a peak value of - I kA/cm2, less than the lower
limit in Eq. (12). This argues that erosion is not the only

00 02 0.4 06 0 10 opening mechanism acting in this case. One possibility is a
combination of magnetic pressure opening and subsequent

time (usl erosion, the magnetic pressure clearing the high density from the
fi:g".Total ion current compared to generator and load region near the cathode during the conduction phase followed I
currents on Hawk by erosion of the remaining low density to disconnect the plasmafrom the cathode. Investigations of this possibility and methods

Discussion of Opening Mechanisms to improve switching under these circumstances are subjects of
future research.

The measurements described above allow an estimation
of the gap generated by the erosion opening mechanism, Eq. (7). Summary and Conclusions
The examples in Figs. 1 and 2 will be used to evaluate erosion I
opening for 50 ns and 1 ps conduction time POS experiments. In POS applications for pulsed power include power
Gamble 2, the gap required to insulate 4.6 MV with 0.75 MA multiplication for conventional generators and primary
load current at a radius of 2.5 cm is, according to Eq. (4), switching for neiwer, inductive generators. Short conduction
D = 0.3 cm. Assuming this gap is formed in 10 ns, the opening time (50 ns) POS operation may be understood as emission-
time, results in an average gap opening rate of limited conduction followed by erosion opening. In many of
dD/dt - 30 cm/ps. The density can be estimated using these cases, magnetic displacement of the switch plasma dt-ing
1. = 10 cm and I = 900 kA in Eq. (9) (emission limited) yielding conduction is negligible. At longer conduction tirnes (1 us), the
n.- 9.5 x 1013 cm -3. The hydro displacement for this density is effects of magnetic forces are more apparent, and may dominate
estimated from Eq. (3) to be 4.5 cm, about half the switch conduction and opening processes. Simple estimates of plasma
length. (In this case, the hydro limit, Eq. (10), and the emission displacement, combined with measurements of the current
limit imply similar densities.) The ion current density required distribution in POS plasmas impose a lower limit on the plasma
to erode the gap open at the estimated rate is mass, and therefore, on the plasma dens;ty. This density can be

orders-of-magnitude higher in the ps conduction time range than

Sn e D 12 (11) that required for emission limited conduction in the 50 nsJI n e d-t )= 2(L
conduction time case. The rate of gap opening is decreased in

2 30 22 + v A this case because of the increased density. Erosion opening is
12 ( ps PsJ )c2 probably not the dominant mechanism in the 1 ps conduction

time case. A combination of hydrodynamic displacement with
erosion as a final step is hypothesized. Theoretical analyses and

Using the estimated value of v 0.10 cm/ps, the required ion improved experimental measurements are required to more
current density is J, = 0.5 kA/cmz. This is only a small fraction fully examine this case. Improved opening could be achieved in
of the switch current density of I/(Zrl0 )= 6 kA/cmz, indicating the p5 case if the opening mechanism is understood and

that only about a 10% ion current fraction is required to open an te Increase gap mechanim isunded ao

insulated gap by the erosion process. This ion current is imploited. Increased gap size of a few times is needed to

exceeded in other short-conduction-time POS experiments, as improve pulsed power generators based on inductive energy

evidenced by results for Gamble 1 shown in Fig. 14. Opening by storage to levels comparable to conventional technologies.

hydrodynamic displacement, Eq. (8), cannot be ruled out in the
Gamble 2 case, because of the high magnetic field. Other short • JAYCOR, Vienna, VA

conduction time experiments (Gamble 1 and PBFA II, for
example) have far smaller B fields and probably open entirely by REFERENCES
erosion. [ll G. Cooperstein and P. Otinger. Gucst editorial: fast opening vacuum

For the I Ps conduction time example (Hawk, Fig. 2) the switches for high-poN.cr inductive energy storage, IEEE Trans Plasma
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a PULSED POWER PHYSICS TECHNOTE NO. 93-04

E TITLE: POS CONDUCTION DEPENDENCE ON CURRENT RISE RATE

AUTHORS: B.V. Weber, R.J. Cominisso, P.J. Goodrich, J.M. Grossmann,
D.D. Hinshelwood, J.C. Kellogg, P.F. Ottinger, S.J. Stephanakis, and
J.R. Goyer (Physics International Co.)

i DATE: 19 November 1992

ABSTRACT: This talk was presented at the APS/DPP meeting in Seattle, Washington.
Experimental evidence for different POS conduction regimes is presented based on
density measurements during shots on Hawk using various POS parameters:
density, length, radius, and the generator current rise rate, and in situ density
measurements on Gamble II (prior to shots) where density and plasma length were
varied. The conduction scaling observed on Hawk follows the depencencies
predicted by simple MHD and EMH conduction limit derivations. Gamble II POS
experiments (ten times greater dI/dt than Hawk) show scaling more like the
modified bipolar (M[BP) prediction, where conduction current is independent of
plasma length and proportional to the square root of the density. The square root
of length dependence predicted by EMH, expected to apply in the Gamble II case,
was not evident. Diagnostic limitations and the small range of parameterIvariations so far limit the conclusiveness of the non-MED scaling experiments, but
the contrast with the MHD-limited conduction on Hawk is evident. Experiments
with density measurements during chots on Gamble II with more parameter
variations (radius and dWidt in addition to n and ) are needed to adequately
diagnose the conduction scaling in this important case.I
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1
PLASMA TECHNOLOGY BRANCH TECH-NOTE NO. 90-09

TITLE: "RECESSED B-DOT PROBES"

E DATE: 18 April 1990

i AUTHORS: D. Hinshelwood, R. Boiler, and G. Longrie.

ABSTRACT: This note describes calibrations of recessed B-dot loops in the
geometry to be used on Hawk. The sensitivity and frequency

response of the final design are sufficient for Hawk experiments.

The first design, involving a 20 turn loop, had an inadequate

frequency response. The measured fisetimes are consistent witht - those calculated from an inductance formula.

I
** THIS REPORT REPRESENTS

UNPUBLISHED INTERNAL WORKING

DOCUMENTS AND SHOULD NOT BE

REFERENCED OR DISTRIBUTED

** THIS REPORT CONTAINS REALLY

BORING ENGINEERING DETAILS
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i
Background

The POP experiment used B-dot loops in the cathode to measure the cathode !
current and thus compare current penetration at the cathode with that in the
plasma. The probes seemed to work well as long as they were electrically
isolated from the cathode. We are designing a similar array for Hawk. We do I
not want to perturb the cathode surface by any protrusions and since the probes
must be insulated, the loops will have to be recessed at least a mm or so. In 5
addition, the hole in the cathode should be as small as possible to minimize its
perturbation on the current flow. These two requirements raise questions about
possible frequency response limitations arising from penetration of field into the 1
hole. The POP probes were only calibrated at the ps timescale of aplasmatic
shots and not at the tens of ns timescale of PEOS shots. We would also like as
large a signal as possible to reduce noise problems. This can be done by using I
a multi-turh loop, but then loop inductance can limit frequency response. To
study B-dot response and sensitivity in the Hawk geometry we performed the *1
test described here.

Arrangement I
A top view of the test rig is shown in Fig. 1. A Pulspak 10-A fed a coax

system comprising the 4.25 in OD x 1/8 in wall aluminum center conductor
and 12 return rods at 6 in diam, giving a gap of 2 cm which will be typical
of Hawk experiments. The peak current was estimated to be about 650 kA.
The loop was about 1/4 in high by 1/8 in /Ar and was positioned at different
radii with a translation stage. Both 20 and 5-turn loops of .25 mm diam wire
were ctecked. A 3/8 in diam hole was used first. For comparison, the POP I
arrangement comprised a 2 in OD x 1/8 wall brass cathode with 3/8 diam holes,

5.5 in diam return rods, and a 5-turn, 5 mm square loop. 5
Results

First we looked at inherent loop frequency response. Waveforms from 20
and 5-turn loops are compared with that from a small single turn reference loop
in Fig. 2 (the baselines have been offset for clarity). Here the b-dots were j
located in the cathode-return rod gap. The 20-turn loop is seen to have a
poor frequency response. The 5-turn loop is seen to have adequate response
for Hawk. Afterwards, the inductance was calculated uing a formula from the
PDR: L = .O126Rn 2 (ln( 8 1.75)1

anl/-- -• ) . 5

2
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t
where L is in AH, R is the loop radius, a is the wire radius (both in cm), and

n the number of turns. This implied a response time of about 45 ns for the

20-turn loop, 4 ns for the 5-turn loop, and a fraction of a ns for the small
reference loop as well as the Hawk door B-dots. The calculated response times
are consistent with those measured for both the 20 and 5-turn loops. (The
calculated response time of the loops used in the low-mass experiment is about

8 ns).
Next, the frequency response of a recessed loop was examined. The

waveform from the S-turn loop located outside the cathode is compared in Fig. 3

I with that from a location .050 in farther in than the location planned for Hawk
(the signals are normalized to one another). No difference in frequency response
is observed, indicating that field penetration into the hole is not a problem in

our case.
The solid line in Fig. 4 shows the (5-turn) probe signal as a function of

radius. Sibnificant fields are measured both beyond the return rods and inside
the hole. The presence of the hole reduces the field just beyond the cathode
radius. Comparison with the signal from a shorted loop shows that the twisted3 leads gave no appreciable pickup. The planned loop center location for Hawk

experiments is indicated. Next, a 1/2 in diam hole was used as shown by the
dotted line. The larger hole caused somewhat greater fie:d penetration but

reduced fields closer to the surface, as would be expected. The signal at the
eventua! Hawk location is about the same for either hole so a 3/8 in hole will
be large enough. The signals on Hawk shots will be at a good level, needing

attenuation for CAMAC recording.
In summary, recessed 5-turn b-dots will have sufficient signal levels and

Sfrequency response for the Hawk experiments. B-dot signals are not necessarily
increased by using a larger hole. The inductance formula is useful for calculating5 b-dot risetimes.

I
I

I
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PULSED POWER PHYSICS BRANCH TECH-NOTE NO. 91-25

I TITLE: "Faraday Cup Measurements on Hawk"

i DATE: 4 Aug 1991

5 AUTHOR: D. Hinshelwood

ABSTRACT: Faraday cup data from Hawk is described here. The cup arrangement
comprised apertures at different axial locations. Many apertures
had multiple collectors, allowing measurement of the ion azimuthal3 and axial velocity distributions. The results are similar to those

in previous POP experiments: the ion signals peak and then
- decline during the conduction phase. Apertures closer to the load

Sshow successively later ion current pulses. The angular velocity
distributions are fairly wide. The total ion current during the
conduction phase is much greater than the bipolar value.

I ** THIS REPORT REPRESENTS

UNPUBLISHED INTERNAL WORKING3DOCUMENTS AND SHOULD NOT BE

REFERENCED OR DISTRIBUTED
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Introductiont

Three series of shots were taken last year on Hawk, comprising a wide array of

diagnostics including dB/dt loops, Faraday cups, and optical measurements. This

work was an extension of a similar experiment on POP which was described in TN

90-06. The Hawk results, which were presented at Beams '90, are described in more

detail here. Faraday cup results are presented in this note, with the rest to be discussed

in a later note. In general the results on Hawk were quite similar to those on POP. I
The set-up on Hawk is shown in Fig. 1. The Hawk Marx was operated at 80

kV charge, driving about 700 kA through the switch. Plasma was supplied by 18

flashboards located 13 cm from the cathode. The anode rods were masked off outside

of the 8 cm switch region, which was located about 15 cm before the short circuit load.

The cathode and anode diirpeters were 18 cm, respectively. The generator

curr t (I 'UTO -meas~ur-ed by~ ogowski ocated upstream of the switch. The

oad curren ILAVG) was measured y-y averaging two dB/dt loops located just before

the load. The signals obtained from these were often suspect, and the apparent low
current transfer on some longer conduction time shots may not be real. Diagnostics I
included dB/dt loops, Faraday c ips, and collimated fiber optic light probes.

Faraday cup diagnostics

The Faraday cup assemblies used here are shown in Fig. 2. The basic arrangement 3
was developed during the POP experiments. The apertures consisted of -,0.4 mm holes

in 0.08 ,nm thick copper tape, as shown in Fig. 2, and thus offered no collimation to 3
the incoming ions. The collectors consisted of sections of copper I ipe on a plastic

tube inside the cathode. A novel feature was the use of multiple collectors for

given apertures, which allowed measurement of the ion angular distributions. The

simple construction made it easy to alter the arrangement of collectors. In the Hawk

experiments the inner tube was 7.5 cm diam, giving an aperture-to-collector gap of I
1.3 cm. Seven apertures were used, separated axially by 2.5 cm. They were located

alternately in two rows, separated azimuthally by 90 degrees. The bias was -300 V.

Two shots were taken at -400 V and the signals were not noticeably different. No

signals were observed when the apertures were covered with copper tape. 1
Eight shots were taken with the collector arrangement pictured at the top of Fig. 2.

FC4 was located in the center of the switch region. This hole had six collectors which

diagnosed both the azimuthal and axial distributions. FC6 and 8 had two collectors

each while FC3, 5, 7, and 9 had one each.

2
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IFig. 1: (top) Haiwk experimental arrangement. (bottom) Azimuthal orientation.
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Fig. 2: First (top) and second (bottom) Faraday cup collector arrangements. Details
of the three apertures used are shown at the bottom. Most of the data was taken with
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Eighteen shots were taken with the second arrangement in Fig. 2. Here only fourI holes were used, FC3-6, but each had three collectors arranged axially.

The azimuthal orientation is shown at the bottom of Fig. 1. For some shots,

flashboards 10 and 15, which were located directly opposite the cups, were disconnected.

This had no significant effect on signals during shots but reduced the signals from

fiashboards alone. The locations of FC4B-C in the first arrangement are shown also.

The signals were calibrated by projecting the aperture sizes to 2.5 cm-long, 84 cm2

area, axial sections of the cathode. They are expressed in amps/2.5 cm. The holes

were measured with a magnifying glass, giving an areal uncertainty of about 15%.

In summing signals from multiple collectors, an attempt was made to account for3 the uncovered areas. On the first arrangement:

FC4MS = 1.3 x (FC4B + FC4C + FC4D)

i FC4S = 1.3 x (FC4A + FC4MS + FC4E + FC4F)

p FC6,8S = 1.1 x (FC6,8A + FC6,8B)

FCS =_ FC3 + FC4S + FC5 + FC6S + FC7 + FC8S + FC9,

3 and on the second arrangement:

FC3,4,5,6S - 1.1 x (FC3 - -6A 4--FC3 - -6B + FC3 - -6C)

FCS =_ FC3 + FC4 + FC5 + FC6.

5Several shots were also taken with different constructions to study shorting of the

cups. Those results are presented at the end.

R Flashboard shots

3 Ten flashboard-only shots were taken with the first arrangement, the last four

with flashboards 10 and 15 disconnected. With all flashboards connected, FC4B andfC had similar amplitudes while FC4D was quite small. This may bc indicative of

flashboard-to-flashboard variation. FC4A and E were small, as were FC7-9. Thus

there are few incoming ions with axial angles greater than 30 degrees. Typical signals

from FC3-6 are shown at the top of Fig. 3. The signals have a double peak at about 1
ps after the boards are fired. A third peak is observed about 1 #Is later, followed by a

fourth peak about 2 1Ls after that. At this time some of the collectors would sometimes

,,'go off scale. Of course, the cups are not quantitatively accurate at latc times with

tvýý flashboards alone (if indeed they ever are). The signals from FC3-5 were comparable
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Fig. 3: (top) Summed signals from three apertures, and (middle) total summed signals
for flashboard-only shots. The middle graph compares the signals with and without
connecting the two boards directly opposite the apertures. (bottom) Typical data from
azimuthally separated colie-'.ors. The generator (IOUTO) and load (ILAVO) current i
are shown for comparison, and are described by the right hand axis in Figs. 3-6.
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while those from FC6 were smaller. The signals showed rather large variations, on theftorder of 100-150% for FC4B-D, 50-100% for FC4MS, 50% for FC3,4S,5, and 25% for

FCS. With the two flashboards disconnected, the signals dropped by 2-3x and the later

peaks went away. FC4B also went away, as might be expected (see Fig. 1). Typical

waveforms of FCS, with and without the two flashboards, are shown in the second graph

in Fig. 3.

In the second arrangement with all boards connected the results were similar.

FC3-5B were several times larger than FC3-5A,C. FC6C was small and FC6A,B were

negligible. FC3-5S were comparable, and the values of FCS were comparable to their

values in the first arrangement. On two shots, boards 9, 10, and 11 were disconnected.

j In this case the first peaks from FC3 and 5 disappeared.

Azimuthal- velocity distribution

On full shots with the first arrangement, the signals from FC4B, C, and D were

quite similar in both shape and amplitude. Signals from a typical shot are shown in

the last graph in Fig. 3. This implies an azimuthal ion velocity distribution of roughly

±30 degrees. These signals were then summed, as stated above, as FC4MS.

Axial velocity distributions

Typical signals from the first arrangement of FC4 collectors are shown in Fig. 4.

Again, the FC4 aperture was located in the center of the switch region. The signal5 from FC4A begins after the others. This occurred on all shots. Typically FCg4MS

and FC4E began at the same time, but on some shots FC4E came slightly earlier as

seen on this shot. This is suggestive of a wave of ion current passing over the aperture

toward the load. The signals peak at the same time. In general, except for the

onsets, signals from each collector had the same waveshape. The relative amplitudes

of signals from different collectors had a shot-to-shot variation of about 30%. The

average values for both collector arrangements are used in the graph at the bottom

Sof Fig. 4. T his shows the angular distributions of ions in the plasm a inferred from

the relative collector signals. The width of each. bar is given by the angular extent of

the collector. The height h is given by the average relative peak amplitude divided

by the angular extent and divided further by the average foreshortened area of the

aperture: h = I,/A0/co-sO,,, 'where 0 is the angle from the radial direction. Note

that, as with POP, the ions have a broad distribution of axial velocities. On POP,

7
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8

476



however, the distribution was biased toward the load whereas on Hawk the distribution

at this location appears relatively symmetric.

Signals from FC3 in the second arrangement exhibited the same features and had

the same average relative amplitudes, and thus the same inferred angular distributions,5 as those from FC4. F5

Typical signals from/e FC5 collectors in the second arrangement are shown in theI middle graph in Fig. These signals had a peak toward the end of the conduction

phase, often followed by .a second peak at opening. For this aperture the relative

signal amplitudes had a large (>100%) shot-to-shot variation and more variation in

shape than at apertures 3 and 4. In general, at the first peak the inferred ion velocity

distribution is biased in the forward direction, while later in time the distribution is

biased toward the generator. Distribution plots for each peak are shown for this shot

at the bottom of Fig1i&5.,L

The relative signals from FC6 were similar to those from FCS. At first the inferred

angular distribution is biased forward, while after opening it is biased toward the rear.

Signals from FC8 in the first arrangement consisted of a sharp spike at opening,

followed by a later shorting. Typically the signal from FC8B was about twice as largeft as that from FC8A, indicating a strong bias in the forward direction.

Total aperture signals

I By summing the collector signals as described above, the total current at each

aperture location can be estimated. Sums for apertures 3, 4, and 5 are shown in Fig. 5.

The most important features of these data are also seen in data from POP and all other

Faraday cup studies: signals from each aperture peak and then decrease during the5conduction phase, and the peaks occur successively beginning at the generator and

moving to the load end of the switch. The exact shapes of 3" -ignals varied from shot

to shot. An interesting feature, that is difficult to quantify, is th A the waveshapes at

different apertures were fairly well correlated. This is seen in comparing the first two

shots in Fig. 5: on the first, the signals show a single peak with a "front porch," while

on the second shot all signals show a double peak structure.

For shots with the same conduction time, signal timings were reproducible. Among

shots with similar conduction times, the signal amplitudes had about a 30% variation,

with a maximum difference of a factor of two. The average relative values of currents

3 at apertures 3,4, and 5 were about 5:8:9.

9
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graph.
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I The signals go off scale after or as the switch opens. The maximum absolute signal

here was 50 V, but based on other shots the signals most likely went up to the 300 V
bias. They remain off scale for over 10 its. In general, this shorting out happened
more rapidly when the Avhen-tht initial peaks were larger. On some shots it occurred5 during the conduction phase. This phenomeny complicates quantitative interpretation

of the signals. O "Z

Signals from two more shots, at relatively short and long conduction times of 300
and 1150 ns, are also shown in Fig. 5. The data are qualitatively the same over the {

range of conduction times studied here.
Typical sums from aperture 6, located just beyond the initial switch region, are ' .•

shown in Fig. 6. Signals from this aperture were about twice as large as those from

aperture 5, and showed a larger shot to shot variation. They began toward the end
of the conduction phase and often had subsequent peaks after the switch opened. At
longer conduction times the signals peaked earlier relative to opening, as shown in the

figure.5 Signals from apertures 7-9 in the first arrangement consisted of spikes just before
or during opening. At the longest conduction times the signals peaked during the

conduction phase. Signals from the three apertures were closely spaced, with 10-40 ns

delays. The amplitudes tended to increase with increasing conduction time. Typical
data for two conduction times are shown in Fig. 6.

Total ion currents

I By summing all the signals the total ion current can be estimated. The top graph

in Fig. 7 compares the calculated total ion currents for an early conduction time shot
and the previous flashboard test. The ion current does not exceed the injected flux

until about halfway into the conduction phase. By the time of opening the ion current
coan 5-10% of the total current, and during opening the ion current increases

sharply to about half of the total. The second graph shows data from a typical

conduction time. The ion current rises above the injected flux about halfway through

the conduction phase. It increases with time to roughly a third of the total current

just before opening. During opening there is a further increase to more than half of the

total. The third graph shows data from a long condution time shot. Here the total
current rises to an unphysically large value during the shot as some of the collectors

Sshort out. Except at the shortest conduction times the ion current seems to persist

411I
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after opening, even though there is no net current through the switch, which is algo

unphysical.

Faraday cup variations

Several alternate constructions were tried in an effort to prevent the collectors from

shorting out. Three shots were taken with a cathode having collimated apertures.

These were 0.75 mm diam and 3.2 mm deep, as pictured at the bottom of Fig. 2. a
Shorting still occurred, even for collectors out of the direct line of sight which had very

small signals, as shown in Fig. 8a. With other" apertures the collectors out of the line

of sight had small but finite signals.

On one of these shots the bias was left off. Fairly clean positive signals were

observed at or after opening, as shown in Fig. 8b. This is interesting and may not

be related fo the aperturus, as no other shots without bias were taken for comparison.

Roughly equal signals were seen on the A, B, and C collectors for this shot, even though

only the B collector was in the line of sight.

A few shots were taken wifh another collimating arrangement, also shown at the

bottom of Fig. 2. Shorting out still occurred, but negligible signals were observed on

the A and C collectors. This is compared with the small but finite signals observed

from collectors out of the line of sight with the thicker holes. This indicates that some

"bouncing" off the walls of the thicker holes may be occurring.

In another test, using the standard apertures, the cylinder upon which the

collectors were mounted was reduced in diameter from 7.5 to 5 cm, doubling the

collector-to-ground gap from 1.3 to 2.5 cm. Shorting out still occurred, but at least

on one shot it was delayed, as shown in F'ig. 8c. Reducing the bias to -100 V had no

effect.

Summary

The incoming ions have a relatively large distribution, both axially and azimuthally,

of incoming angles. This is larger than the distribution of ions when the flashboards

alone are fired. The Faraday cup data show a wave of enhanced ion current propagating

down the switch region toward the load. This is seen both in the timing of signals

from different apertures and in the shift in angular distribution with time for given

apertures. Signals from successive apertures peak and then decline at successively later

times during the conduction phase. With time the distribution becomes biased toward

the generator as if the region of enhanced current had passed beyond the aperture.
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Fig. 8: Faraday cup variations. (top) Signals with collimated holes. (middle)
Collimated holes with no bias. (bottom Larger collector-to-ground distance. The
signal here is compared with a standard sht.
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Ion current flows to the cathode in the region between the initial switch region and I
the load at or just before the time of opening, depending on the conduction time. The

signal timings indicate a fast penetration in this region, which could be explained by a

creep/ejecta plasma less dense than the initial plasma.

The ion current is evidently a much larger fraction of the switch current than that

given by the bipolar formula. The peak ion current densities measured here exceed

1 kA/cm'. This level of current density could be supplied by a drifting plasma with

parameters of 5xl01 /cm 3 and 1-2 cm/&g s. Thus, the large ion currents are not

necessarily indicative of local opening during the conduction phase.

All of the above was also observed in earlier experiments on POP.

Late time shorting of the cups prevents measurement of ion current after opening.

Several attempts to prevent this were unsuccessful. Applied magnetic fields might

help. An improved Faraday cup, coupled with interferometric density meausrements,

would be very useful in probing microsecond PEOS dynamics.

16
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AXIALLY RESOLVED PEOS MEASUREMENTS3 AT MICROSECOND CONDUCTION TIMES

D. D. Hirshelwood,* R. J. Commiso, P. .1. Goodrich.-5 J. M. Grossmann, J. C. Kellogg, P. F. Ottinger, and B. V WNeber.

Plasma Physics Division
Naval Research Laboratory, Washington, DC 20375-5000

*Jaycor

Abstract Plasma erosion opening switch conduction phase studies., at
microsecond conduction times and both 200 and 800 kA current levels,
are reported here. Similar data were obtained f. zm both experiments. A
current channel is seen to propagate toward the load, and this channel is
associated with an increased ion current and cathode and switch plasmaluminosity. There is evidence of local opening during the conductionphase, which may be related to hydrodynamic effects.

INTRODUCTION

The conduction phase of the plasma erosion opening switch (PEOS) is of
particular interest at microsecond conduction times because of the observed
reduction in conduction current (relative to that under the same conditions at
shorter conduction times) and the predicted large hydrodynamic effects. The
work here consists of PEOS conduction phase studies with particular emphasis
on the variations of measured quantities along the switch length.

The experiments were performed on two generators: POP and Hawk, with
short circuit loads on each. Hawk is based on a fast Marx developed by Physics
International. Typically operated at 640 kV, it drives 700 kA through the
switch via a roughly 700 nH upstream inductance. The Hawk experimental
arrangement, which is representative of both experiments, is shown in Fig. 1.
Plasma is supplied by 18 flashboards, with delays of 1-2 /zs. The cathode and
anode diameters are 11 and 18 cm, respectively. The anode rods are masked
off outside of the 8 cm long switch region, which is located about 15 cm before
the short-.circuit load.- Diagnostics- include dB/dt- loops;, .Faradav-cups-; and

I collimated fiber optic light probes.
POP is a small, 50 kV capacitor bank which drives about 200 kA through

the switch in 800 ns. The cathode and anode diameters are 5 and 14 cm,

and plasma is supplied by two flashboards. Diagnostics include dB[/dt loops,
Faraday cups, framing photography, and spectroscopy. Some of these results5 were reported at the 1989 Opening Switch Workshop in Novosibirsk.
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Figure 1: Hawk experimental arrangement.

dB/dt PROBE RESULTS

Arrays of dB/dt probes were used on both experiments to diagnose current
flow in the switch. The probes were located both in the plasma and in the
cathode surface. In the latter case it is assumed that the field penetrates the
explosive emission cathode plasma. While simple estimates suggest that this is
reasonable, it remains an open question. Probe data from both experiments are
quite similar, and current profiles inferred from Hawk data are shown for three
times in Fig. 2a. The "plasma" data was taken with the loops about 1 cm in
from the anode, and opening began at 800 ns on this shot. Penetration occurs
faster in the plasma than on the cathode. POP signals from probes at different
radii in the plasma begin simultaneously, indicating that the current front is
primarily radial. Until opening, current is still localized in and just beyond
the switch region; i. e., the switch does not open by axial convection. After
opening begins, diamagnetic plasma currents.are seen. between. the switch and
the load. The probe results point to a general picture of current flow, which is
shown in Fig. 2b for the time just before opening. This picture differs from the
results of experiments on the Double generator at the Tomsk Institute of Nuclear
Physics (Ananjin, et al, this conference) in that the axial segments of the current
streamlines are much closer (<1 cm) to the cathode in our experiments. One
possible reason for the discrepancy is that the Double experiments had a larger
radial gap.
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The probe measurements resemble those at short conduction times.
However, the plasma density is estimated, based on microwave measurements
and x J B calculations, to be in the 101 4 -10 1 5 range, which would predict a
conduction current 1-2 orders of magnitude greater than that observed.I

5 600 ,i .
PLA$/,,k

CAT•4•DE

S '400

0 to ,1; 20 ZS. 300 10U I--- SwT ¢ ---H o

LENGTH, CIA

I ANODE

'-',• ' ":"o•. " ":"• a •'•' "°; - ,,7", PLASM A
EE PLASMAx . ... . . . .•.. ..I -

S~CATHODE

5 Figure 2: (a) Current penetration on Hawk. (b) General picture of
current flow, at the time just before opening.

3 FARADAY CUP MEASUREMENTS

Two Faraday cup arrays were used on POP: five axially spaced cups, and a
single hole with five axially spaced collectors to diagnose the angular distribution
of the incoming ions. The Hawk arrangement employed seven holes, and three
of these had multiple collectors. In this case information about the ion azimuthal
as well as axial distributions was obtained. The cups were operated at a -300
V bias; the signals showed little change from -100 co -400 V.

4
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Signals from a Faraday cup and cathode and plasma dB/dt probes, all
located in the center of the switch region on Hawk, are shown in Fig. 3a. A
large increase in ion current is associated with current penetration; the ion
current later decreases. Signals from other axial locations in the switch region
show the same behavior with correspondingly different timings. No ion current
is registered downstream of the switch until opening begins. All of these results
were also seen on POP.

/IG

> ILj

> -I
o- 1/P3

- IL

S," / (..b

0 o

---- - -." -FC

0.00 0.20 0.40 0.60 0.80 1.003

MICROSECONDS

Figure 3: (a) Signals from a Faraday cup (FC. in relative units), and
plasma (PB) and cathode (KB) probes, in the center of the switch region
on Hawk. Generator (IG) and load (IL) currents are also shown. (b)
The total calculated ion current (absolute units).
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These measurements show a propagating channel of enhanced ion current,
which may be indicative of local enhanced erosion and opening during the
conduction phase.

Signals from multi-collector apertures on Hawk indicate an azimuthal
velocity distribution of roughly ±300. The axial distribution on POP has a
similar width and is strongly biased toward the load, as would be expected
for magnetically deflected ions. In the center of the switch region on Hawk,
the distribution is biased slightly toward the generator. The current density
and magnetic field are twice as large on Hawk, and one might expect even
more bending toward the load. Perhaps the "reverse" bending is due to an
axial electric field or an altered ion density distribution caused by the greater3 hydrodynamic forces. At downstream locations the ion velocity distributions
are biased toward the load on both experiments. In all cases the distributions
do not change appreciably with time.

On both generators the calculated total ion current is a.large.fraction.of the
total switch current, as shown for Hawk in Fig. 3b. The implied ion current3 ratio is significantly greater than the bipolar value. Many of the cups tend to
short out after the switch opens, which raises questions about their quantitative3 accuracy. Further measurements with less sensitive cups are planned.

VISIBLE LIGHT MEASUREMENTS

Six collimated fiber optic cables viewed the cathode and part of the switch
plasma at different axial locations on Hawk. The signals resembled those
from Faraday cups, showing successive sharp peaks associated with current
penetration. Light and plasma dB/dt signals from the center of the switch
are shown in Fig. 4. An Imacon 790 framing camera imaged the switch region
on POP. A luminous channel, consisting of spokes between the cathode and
the anode rods, is observed. This channel propagates along the switch region,
approximately correlated with current penetration. At opening, light emission
begins simultaneously from a 10-20 cm length of the cathode beyond the switch
region.

I SPECTROSCOPY

Time integrated measurements on POP showed the existence of H, CI-lV,
and (aluminum) cathode and (brass) anode constituents. Time resolved
measurements of the Al III line at 3610 A, indicative of cathode plasma3 formation, were taken on POP. Light is observed to begin later at locations
further down the switch region. Light is not seen beyond the switch region until

I
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opening. This is consistent with the total visible light framing photography. A 3
sharp burst in emission from a highly excited state of CIV is seen in the plasma

during the conduction phase, at about the time of current penetration. This

emission could be caused by plasma heating or by electrons emitted from the

cathode. Future measurements will spectrally resolve the fiber o,,":ic signals in

an attempt to correhte cathode plasma formation and plasma heating with the,.
other probe measurements.

I!G

D -IL

giL ' I. G
I l,:- • ......... PB

I :" .... FIB

r : (arb)

0.00 0.20 0.40 0.60 0.80 1.00

MICROSECONDS

Figure 4: Signals from the fiber optic (FIB, relative units) and plasma

probe (PB), in the center of the switch region on Hawk.

CONCLUSIONS

The data provide important information about the axial dependence of
switch phenomena: a current channel propagates through the switch, and

this channel is associated with locally enhanced ion current, cathode plasma

formation, and switch plasma luminosity. Opening is correlated with this

channei reaching-the "end'(or somewhat-beyond)- the-initial- switch--region.
The pattern of current flow is similar to that at short conduction times
although the estimated plasma density is very much greater. The apparent
local opening of the switch during the conduction phase may be caused

by radial hydrodynamic motion and may be one limitation on conduction
current. The data also show the presence of plasma between the switch
region and the load. With sufficient plasma density, shunt current through

this plasma could reduce the effective opening rate and may be a factor
limiting switch performance.
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PLASMA EROSION OPENING SWITCH OPERATION
IN THE 50 us - 1/ys CONDUCTION TIME RANGE

B.V. Weber, RJ. Commisso, G. Cooperstein, PJ. Goodrich,"
J.M. Grossmann, D.D. Hinshelwood," J.C. Kellogg,

D. Mosher, J.M. Neri, and P.F. Ottinger
Plasma Physics Division, Naval Research Laboratory

Washington, DC 20375-5000 USA

3 Abstrat. Results of PEOS experiments are examined where the
conduction time varies from 50 ns to 1jp s. Conduction current scaling
is proportional to plasma density in the 50.ns conduction time range,
based on interferometry. Far highpr density i required to conduct for
lips, and the scaling is less thin lincar:i-this regime. The difference
between the two cases may be expla.ined'.by different physical
mechanisms that determine the conduction limit: in the 50 ns range,
conduction ends when an emission limit is reached; in the 1/ps range,
plasma distortion and displacement by hydrodynamic forces is
proposed to limit conduction. These "emission-limited" and "hydro-
limited" conduction regimes can'be described by a simple plot
applicable to all PEOS experiments.

INTRODUCTION

5 Plasma Erosion Opening Switch (PEOS) experiments have been performed in many
laboratories, with various generators as drivers. The required conduction time depends on the

generator, and generally is about 50 ns for "conventional" water-line generators, and about Ips for
newer "inductive" generators. Successful switching results have been obtained in both cases.

One examplel) of the 50 as conduction time PEOS on a high power conventional generator is

shown in Fig. 1. A PEOS configuration using three flashboards on Gamble II at NRL is diagrammed

IVOLTAGE OIViOER 
t.

SHOTI34216 // " -lf€" 12CM.

rF 08 -~c GAMBLE aa -10

I(MAI r"04 - o G

GAMBLE 2 02 L

FLASI-BOARO PLASMA 0
SOURCE (3) ANODE

46MV
4 - NUCLEAR

V 3 OIAGNOSTIC)

2-1.MV -,,VL'\II
1 _ _ _ 14

iNOuCTIVE SWITCH CTO \ 4
STORE REGION CATHODE I"-I ]
REGION T .

S(b)
(a) ,.-

0 20 40 60 80 tO0 20I140 *0Htis)

Fig. 1 Gamble H PEOS experiment (a) Setup (b) Measured load (IL., V1, PL) and ideal matched
load (VML, PML) data.
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(b) time (ps)

Fg 2 Hawk PEOS experiment (a) Setup (b) Generator (IG) and load current (IL) and voltage (VL).

in Fig. la, and experimental results are shown in Fig. lb. On this shot, the PEOS conducts the
current for 60 ns as it rises to 900 kA. Rapid switching then occurs, resulting in a peak load voltage of
4.6 MV. The peak load power, 3.5 TW, is higher than the ideal matched load value, 1.5 TW, by a
factor of 2.3.

An example of the i p s conduction time PEOS is shown in Fig. 2. The "Hawk* generator at
NRL uses a fast, high current Marx bank to drive a PEOS. The PEOS configuration using 18
flashboards is shown in Fig. 2a. Data from a high power shot are shown in Fig. 2b. The generator
current is conducted by the injected plasma during its rise to 650 kA in 1 ps. Most of this current is I
rapidly switched into the diode load, generating a load voltage of 750 kV and 0.37 TW peak power.

The examples in Figs. 1 and 2 may be compared; the stored energy (200 kJ) and generator
current are about the same in both cases. The energy dissipated in the load is about the same I
(40 kUJ). The difference is the peak power and pulse width, which differ by a factor of ten -- ten times
higher power and ten times smaller pulse width for the case of 50 ns conduction time. It is important
to understand the difference in basic physics in these different conduction time ranges, especially to
exploit the PEOS for higher power generation in the 1 j s conduction time range. The remainder of
this paper will examine part of this difference in physics, the dependence of conduction current on
plasma density in the 50 ns and ip s conduction time ranges.

50 ns CONDUCTION TIME RANGE 5
Two PEOS experiments in the 50 ns conduction time range will be used to illustrate scaling

with plasma density. The first example is Gamble I at NRL In this case, the generator current rises
to 250 kA in 70 ns. The plasma density is varied by changing the number of guns, the voltage on the I
capacitor bank driving the guns, and the time delay before the start of the generator current. Peak
switch current is plotted vs. time delay in Fig. 3a for two different plasma sources, 3 guns at 15 kV
and 12 guns at 25 kV. The conduction current is higher for the high density plasma source (12 guns). I
The average electron density was measured for these sources in the actual experimental
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Fig 3Gamble I conduction current vs. (a) time delay and (b) density, for different plasma sources.

configuration, but without firing the generator, using a 140 GHz microwave interferometer. The
switch current is plotted vs. the initial electron density in Fig. 3b. The switch current is directly
proportional to the initial density, with data from both sources collapsing to the same fitting curve.

The second example in the 50 ns conduction time range is the MIP2) (Magnetically Injected
Plasma) configuration used on PBFA 11 at Sandia. In this configuration, plasma is injected by
flashboards, using a slow magnetic field to direct the plasma into the transmission line gap. the
conduction current depends on the strength of the magnetic field and on the time delay. This is
plotted in Fig. 4a, where the horizontal axis, slow coil flux, is proportional to the slow magnetic field
strength. The plasma density was measured in the experimental configuration in a separate vacuumchamber. The conduction current is plotted vs. density in Fig. 4b. The data points fall on a straightline that intercepts the y-axis near the origin. This suggests that the conduction current depends onlyg on the initial density, where the density is the result of time delay and magnetic field strength.
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4 MIP switch current vs. (a) timing and slow field and (b) density.
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I

Expt. r 10 I/n J/n

Gamble I 2.5 10 84 .54 3
PBFAII 1 20 20 1700 .68

Table I. Short conduction time scaling: cathode radius r(cm), plasma length 1l(cm), conduction
current I(kA), plasma density n(1013 cm-3) and average current density J(kA/cm2)= I/(2 r1o).

The Gamble I and PBFA II experiments differ in current magnitude, plasma injection scheme
and conduction area, however, the average current density, J = I/(2r rio), at switching is proportional
to the density with about the same proportionality constant. This is illustrated in Table I. These
results may be generalized for all short conduction time experiments as:

J (kA/cm2 ) 0.6 x n (1013 cm"3 ) (1)

A possible explanation for this scaling has been given before,3) that is, the current is limited by
bipolar emission from the cathode, directly proportional to the plasma density. The bipolar limit can
be expressed as a limit on the average current density, I/(br r1o'),

B? i e 1/2 e 2
JBP " (Mi/Zme) ne e v (2)

where Mi (in,) is the ion (electron) mass, Z is the ion charge state, n. is the electron density, e is the
electronic charge, and v is the ion collection speed at the cathode. Assuming the plasma is
predominately composed of C+ + ions, the empirical relation, Eq. 1, is reproduced by Eq. 2 if v = 3.5
cm/ps. This velocity is about 3 x smaller than the measured plasma velocity (10 cm/p1s), but is
higher than the ion sound speed (about 1 cm/,s), therefore the ion collection speed is in the correct
range for these plasma sources.

1,u s CONDUCTION TIME RANGE

Hydrodynamic displacement of the switch plasma during conduction makes the simple scaling
of Eq. 1 impossible at us conduction time. The simplest measure of plasma motion is the center-of-
mass displacement in the axial direction that results from the magnetic pressure difference when no
current is flowing on the load side of the plasma. This is illustrated in Fig. 5a. The displacement is
greatest at the center conductor, and is given by.

Ao Z JY* 12 dt 2  (3)

For Gamble I and PBFA II, the plasma displacement during conduction is negligible, Az < 1cm < <
1o. For the Hawk experiment (Fig. 2), the current rises to about 700 kA in 800 ns. Assuming Eq. 1 is
also valid for this case, a density of 5 x 1013 cm-3 is predicted. Using this density in Eq. 3, the plasma
displacement would be 400 cm, far higher than the estimated displacement based on magnetic probe
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measurements 4) that imply switching before the plasma displacement exceeds half of the switch3 length, about 4 cm.
The limited plasma displacement during conduction indicates that the plasma density in Hawk

is at least 100 x higher than predicted by Eq. 1, or nh?: 5 x 1015 cm-3. Several observations support
this. First, a larger number of flashboards (18) are required to conduct the Hawk current, compared
to the number (3) used in Gamble II for similar conduction current. Second, density measurements
with the microwave interferometer indicate that the density is > > 1 x 1014 cm-3, the limit of the
measurement.

Setting Az = 1o/2 in Eq. 3 defines a "hydro-limit" for conduction:

2 2 12 M. n

hydro 'P (4)

Iwherer is the conduction time, po = 4f x 107 H/m, and a linear current rise is assumed for
simplicity. The conduction limits of Eqs. 2 and 4 are compared in Fig. 5b, for a given plasma density.
The generator current rises from the origin in this plot and intersects JBp or Jhydro, depending on the
slope of J(t).

Hydro-limited conduction, as described by Eq. 4, predicts scaling with density that is less than
linear. For the case of J(t) c t, J2t2 - J4= J c n1/ 4. In the absence of a direct density measurement,
this scaling is tested on Hawk by varying the average plasma density by changing the number of
plasma sources, shown in Fig. 6a. The density at opening is related to the time delay between the
flashboard driver current, IFB, and the load current, IL, shown in Fig. 6b. The average density is then
proportional to the number of flashboards at a given time delay. Results of this experiment are
shown in Fig. 7a, where peak switch cunent is plotted vs. time delay for shots using 3, 6, 9 or 18
flashboards. It is immediately evident that the scaling. is less than linear. The data points in Fig. 7a
are fit by quadratic polynomials. The ratios of these polynomials are plotted in Fig. 7b. For
comparison, the square root and fourth root of the density ratio is shown on the right side. The
measured switch current ratio is cose to the fourth root of the density, as prediaed by the "hydro-Ulimit" of Eq. 4. The ratio obtained for 18 and 3 flashboards increases as the delay time decreases.
This may be the result of the small conduction times in these cases where, eventually, scaling
proportional to density is expected.

I
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The emission limit and hydro limit intersect in (J,t) space as shown in Fig. 5b. The equation
for the intersection point is given by combining Eqs. 1 and 4: ^ U r-

r2 20 /• M ' -*7
j To20 - (5)

This relation depends only on the ion specie. Eq. 5 is plotted in Fig. 8a and b, assuming C+ *, for
comparison with the PEOS experiments described in this paper. In Fig ka, the hydro limit is plotted
with current density waveforms for Gamble I, Gamble II and MIP (PBFA 1I). In Fig 8b. the same
hydro limit is plotted over a longer time domain with waveforms for Hawk and Pawn. The "hydro
limit' curve divides the space into two regions: switching on the origin-side of this curve occurs when
A z < 10/2, where conduction current is porportional to density (emission limited). To the right of the
hydro limit, switching occurs when Az - !o/2, the density is higher than for the same J with short
conduction time, and scaling is like n1/ 4. Fig. 8 shows the point where some experiments (Gamble UI,3 Hawk, Pawn) cross the hydro-limit curve, beyond which conduction is not proportional to density.
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EJ Hydro limit of Eq. 5 plotted with current waveforms for (a) 50 us conduction time experiments
and (b) 1 p s conduction time experiments.

SUMMARY AND CONCLUSIONS

PEOS switching occurs at a current level that depends on the plasma density, geometry and
conduction time. Two different cases are examined in this paper: 50 ns and 1jps conduction time. In
the 50 ns case, conduction current is proportional to the initial density. The experimental results
agree with bipolar (emission-limited) conduction if the plasma specie is C+ + and the ion collection
speed is 3-4 cm/ps. In the 1ps conduction time range, initial scaling experiments indicate a weaker
dependence on initial density, where the current scales like nx, with 1/4 < x < 1/2. Plasma distortion
and displacement by hydrodynamic forces may be the physical mechanism limiting conduction in this
case. This hydro-limit requires higher density to conduct a given current than the emission-limit at
short conduction time. Higher density results in a slower opening rate, which is probably the
fundamental reason opening is slower for the 1 iss conduction time PEOS than for the 50 ns
conduction time PEOS (compare Gamble II and Hawk, Figs. 1 and 2).

Of fundamental importance for improved understanding of 1 ,s PEOS physics are
measurements of plasma density. A CO2 laser interferometer is being constructed for this purpose.
Improved switching requires new techniques to overcome the *excess' density required for
conduction. Among these new (and old) ideas are: staged switches, changing plasma specie,
geometry changes, and pulsed B fields.
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MICROSECOND-CONDUCTION-TIME POS EXPERIMENTS
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Abstract Experiments have been performed to improve the understanding of the us-conduction-time
plasma opening switch (POS). Measurements with a He-Ne laser interferometer show that the line-
integrated plasma density reaches a peak value during conduction, then decreases to a relatively small
value before opening begins. During opening, the density is low over a large fraction of the electrode
gap, but is relatively high at both electrodes, indicating that opening actually occurs in the middle of the
electrode gap. The dependence of conduction current and conduction time on density and other POS pa-
raraeters (radius, length, and current waveform) indicate that conduction is controlled by hydrodynamicdisplacement and distortion of the plasma, resulting in a low density region where opening occurs, pos-

sibly by erosion. Experiments with electron-beam diode loads have been performed for a variety of load
and POS configurations. Assuming the POS gap at peak power equals the radial extent of the electron
orbits, the calculated switch gap is about 2-3 mm over a wide range of load impedances, conduction cur-
rents, and center conductor radii. Increased load power requires increasing the (effective) gap size. Fluid
and PIC codes may be suitable to simulate the conduction and opening phases, respectively, and a com-
bined fluid/particle model could indicate promising methods for increasing the output power using a

I. Introduction

Inductive-store pulsed power generators require a fast opening switch to transfer current
from an energy-storage inductor to a load. One approach[I] is to use a plasma opening switch

(POS) to conduct current during the discharge of a Marx generator into an inductor, which gen-

erally takes about 1 tis. After this conduction phase, the POS opens and transfers most of the
current to a load. This approach to inductive-store pulsed power generators is attractive coin-3 pared with conventional (capacitive water-lf-e) generators because of decreased size and cost,

and the potential to scale up to higher energy.[2]

POS experiments have been performed on the Hawk inductive-store pulsed power gen-
erator at the Naval Research Laboratory (NRL). Hawk consists of a high-current, 1-lJF Marx
bank[3] with a typical output voltage of 640 kV and stored energy of 0.23 MJ at 80-kV charging

voltage. The discharge of the Marx into the circuit inductance, shorted by a POS, results in a si-
nusoidal current with peak amplitude 720 kA and quarter period 1.2 ps. When the POS opens,3 current is transferred to an electron-beam diode load, resulting in load power as high as 0.7 TW

(450 kA, 1.6 MV).[4] The overall energy efficiency of the Hawk generator is about 20%, about
two times smaller than for conventional water-line generators. (For example, the Gamble II
generator at NRL is about 40% efficient and generates 1-2 TW into a load for similar stored en-
ergy.) The volume of Hawk (50 m3) is far smaller than its conventional counterpart, (Gamble
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II: 2000 m3 ), making it an attractive al- I
ternative for many applications, especially

if the efficiency and power could be

increased. ........... c rd ol
The output power of Hawk, and of *.G .... chordd ine of sight

similar generators, is limited by the POS. I
Research on Hawk has concentrated on 4. rim

identifying the physical mechanisms that a Z r - 6.5 O f sig"t

determine conduction and opening for the 0 10--0"--I
pts-conduction-time POS. This paper

gives an overview of this research work. Fig. 1. Hawk POS anangement showing axial and chordal 3
Inlerferometry is used to measure the dis- He-Ne laser lines-of-sight for interferometry.

tribution and evolution of the plasma density during POS operation, and to determine the de-

pendence of conduction current and time on density and other POS parameters. Experiments

with electron-beam diode loads demonstrate that the size of the vacuum gap generated in the

plasma during opening is limited to about 3 mm. Understanding the gap opening mechanism I
and increasing its size, perhaps with the aid of computer simulations, could lead to significant

improvement in output power and efficiency.

1I. Physics of conduction based on interferometry -

Measurements of plasma dynamics and conduction scaling on Hawk have been made

using a He-Ne interferometer[5,6]. Details of the interferometer are given in Ref. [7]. A sketch

of the POS on Hawk and sample laser lines-of-sight used for density measurements are shown in 3
Fig. 1. The POS plasma is injected between the coaxial condudibrs using 18 flashboards, each
driven by a capacitor circuit generating about 35 kA in 0.6 jas. Currents are measured on the

generator (I(G) and load (II) sides of the POS. A short circuit load is used to minimize debris

and prevent high voltages that could adversely affect the density measurement. The axial line-

of-sight measures the line integrated electron density in the plasma injection region at a selected

radial location. The length of the plasma injection aperture, 1 = 8 cm in Fig. 1, is used to con-

vert the line-integrated density to more convenient density units (cm- 3 ). The precision of the

density measurement using the axial line-of-sight is about 1 x 1014 cm- 3 .

Fig. 2 shows data taken on Hawk using an r = 5 cm center conductor using the axial line-

of-sight located at r = 6.5 cm, 1.5 cm from the center conductor and 0.5 cm from the outer con- I
ductor in the POS region (as shown in Fig. 1). The average density measured by firing the

flashboards alone, nFB, increases from about 2 x 1015 cm-3 at the time the Hawk current would I
begin (t = 0), to over 8 x 1015 cm- 3 at the time the load current would begin (t = 0.9 p.s). The

density measured during the Hawk shot, ne, follows nFB for the first 0.4 Its and then decreases, 3
becoming relatively small at the time opening begins. The decrease in density during conduc-
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Fig. 2. Density measured in Hawk, 1.5 an from the Fig. 3. Density measured on a long time scale, 1.0
r = 5 cm center conductor. an from the r = 5 cm center conductor.

tion is typical for Hawk experiments, although the rapid decrease shown in Fig. 2-is not neces-
sarily typical. After opening, the density is lower than the measurement limit for 0.3 ps before

increasing. The density eventually exceeds 1017 cm-3 an order of magnitude higher

than the peak flashboard density, as shown in Fig. 3. The high density after switching is attrib-
uted to plasmas generated at the electrodes after bombardment by the energetic particles gener-

ated during the opening phase.

The radial dependence of the density is measured by changing the radial location of the
laser line-of-sight for shots with the same nominal POS parameters. The measured density dis-
tributions at the start of conduction and during 20 .... .t...• F~s, start

opening are shown in Fig. 4. The density distri- of conduction

butions measured by firing the flashboards alone . 5 -.. Shot, 900 ns

are indicated by dashed lines. The distribution at ".E .o (during opening)'

the ',;tart of conduction for the Hawk shots I i0. FBs, 900 ns

matches the flashboard-only data. The density - o 1 "o,

distribution at the start of conduction shows a
drastic density increase near the center conductor 0C

resulting from a plasma-surface interaction. The
density is relatively constant between r = 6 and

7 cm. At a time during opening, t = 900 ns in o!
Fig. 4, the density measured on Hawk shots has a 5.0 5.5 6.0 6.5 7.0

minimum at r = 6.5 cm, and increases toward r(cm)
both conductors. Presumably, opening occurs in Fig. 4. Radial distribution of density at the start of

this region. For comparison, the density distribu- conduction and during opening.
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tion measured at the corresponding time but without firing Hawk is shown. The consequence of I
current conduction is that this additional plasma does not completely enter the switch region, and
the density is redistributed by JxB forces during conduction, resulting in a rarefied region where

fast opening can occur. I
Measurements[8] made using other electrode radii (2.5-13 cm) and inner-outer conductor

spacings (2-4.5 cm) indicate that the minimum density region during opening extends over a 3
larger region (1-2 cm) of the gap between the conductors. In all cases, opening probably occurs

between the conductors where the density is low, instead of near the cathode or anode surfaces,
where the density is relatively high.

Measurements[8] using the chordal lines-of-sight shown in Fig. 1 indicate that opening

occurs before plasma is displaced to these locations (9 cm and 19 cm from the edge of the
plasma injection aperture). The reduction in density occurs in the switch region, without signifi-
cant translation of the switch plasma toward the load.

An illustration of the physical process that cotuld explain the density reduction is shown
in Fig. 5. Here, the POS is simulated using the Anthem code[9] to model the plasma as two

fluids (electrons and ions). The experimentally measured radial density distribution 300 ns after
conduction begins is used in the simulation. During conduction, the plasma is compressed, and a
thick "snowplow" effect is seen. The current streamlines follow the electron contours in the

compressed density region, resulting in primarily radial current with a slight bow in the middle
where the plasma has been displaced the farthest. At the end of conduction, the plasma has ac-

cumulated near the load end of the switch region. The axial components of the current density W

cause a radial displacement of plasma toward both electrodes. This forms a valley in the plasma

distribution at about r = 6.7 cm, close to the location of the minimum density in the correspond- I
ing Hawk experiment (Fig. 4). The line-integrated density decreases rapidly at this location at

(during conduction)

L _ _ _ __ _ _ fn dl

(end of conduction) 3
_ Time

Fig. 5. Anthem simulation of Hawk POS. Electron contours are plotted during conduction (above left) and at the i
end of conduction (below left). Line-integrated electron density at r = 6.7 an is plotted vs. time (right).
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I the end of conduction. The fluid version of the code is probably inadequate to simulate the

opening phase, when it is believed particle effects (magnetically insulated electrons and en-

hanced erosion) dominate the physics. However, a fluid code could be sufficient to model the
conduction phase and provide the input to a particle code to model the opening phase.

Interferometry was used to test the scaling of the POS conduction current (and time) with

simplified predictions from theory. At least four conduction limits have been proposed: bipolar

I [10], modified bipolarj, 1] electro-magnetohydrodynamics (EM11),[121 and magnetohydrody-

namics (MHD)[13,14]. For the long conduction times considered here, only the EMH and MIDU cases are expected to apply. A simple EMH limit can be derived assuming ion motion is negli-
gible and that radial current is conducted by electrons executing ExB drifts. It can then be

shown[15] that the azimuthal magnetic field penetrates through the plasma with an axial
I velocity, u, given by:

I I dr 21

27cenrln dr ri
where e is the electron charge, r is the radius where opening occurs and n is the density. ForIHawk, penetration (u > 0) could occur in the region where dnrdr - 0 (r = 6-7 cm in Fig. 4).

Opening is assumed to begin when the field penetrates the length of the plasma, J udt=/,

I resulting in the conduction limit:
fJIEm/dt =7rer in. (2)

3For a linearly rising current, !(t) oc t, the conduction current IEMH a n1/2.

The MHD limit occurs when ion motion is not negligible and the plasma is displaced-or
distorted by JxB forces. Based on empirical evidence[16,17] and the simulation results pre-I sented earlier, conduction is assumed to end when the plasma center-of-mass is displaced to the

load end of the POS. This results in an MIMD conduction limit:

f Ji• M2dt2 = 100tn2r22 2M, n, (3)

I where Mi and Z are the ion mass and charge state, respectively, and cgs units are used except for
I(Amps). For a linearly rising current, INM- o n114 .

These simplified scaling laws are in general agreement with Hawk experiments. Fig. 6
shows data and scaling predictions from Eqs.. 2 and 3. The horizontal axis is the peak density

measured during conduction, about 1.5 cm from the center conductor. In both graphs in Fig. 6, a

standard case is shown, where r = 5 cm, the Marx capacitors are charged-to 80 kV, and the

plasma length is 8 cm. The data (circles) match the MHD limit, both in the density scaling and3 magnitude. For currents less than 450 kA, the EMH limit should be reached before the MHD
limit. The trend in the data suggests this may occur in the Hawk experiments. The graph on the

left in Fig. 6 shows the effect of changing dI/dt by lowering the Marx voltage to 50 kV. The
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Fig. 6. Hawk conduction current scaling and comparisons with MIUD and EMF[ scaling laws.

graph on the right in Fig. 6 shows the effect of decreasing the length to 4 cm. For both changes,3
the data match the MHD/EMH prediction. Similar agreement occurs for radii of 2.5, 5, and
12 cm,[8]

A striking difference between the MI-ID and EMI- regimes is shown in Fig. 7. In the top
graph in Fig. 7, load rurrents arc shown for different plasma densities. The conduction current
varies from 200 kA (#1) to 700 kA (#6). The bottom graph in Fig. 7 shows the density meas-
ured 9 cm from the load edge of the plasma aper- low
ture using a chordal line-of-sight (z= 13 cm in

Fig. 1). A large plasma density, comparable to
the density in the POS region, appears at this lo- !1 no

cation ,after opening for cases 3-6, that is, for cur- 4 0 I
rents gieater than 450 kA. For currents less than , 16
450 kA, the measured densities at this location are i A 3
negligible (much less than the density in the POS to

region during conduction). This phenomenon is s negligib, downstream plasma / 16
consistent with the difference between the MID f l,, ,5.c ,,o kA / kA

and EMH limits. In the EMH case, switching oc- j / ..-'"

curs before the plasma is translated. Evidently, 4... S-

plasma motion in the axial direction is negligible 3 -

compared with radial motion. In the MID case, 0 " "7
the plasma center-of-mass is translated a fixed ** ,.0 20

distance during conduction. The measured 'ra* (Ps)

downstream density begins later for longer con- F'g. 7. Density measured using a chordal line-of-
sight 9 an from the edge of the POS (bottom) and

duction times. corresponding load currents (top).
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Ill. Physics of opening based on electrical measurements with diode loads

Experiments have been performed on Hawk using various POS configurations and elec-
tron-beam diode loads.[18,4] Results from experiments using an r = 5 cm center conductor are

I summarized in Fig. 8, which is a plot of peak switch voltage (essentially the same as the load
voltage) as a function of the load impedance at the time of peak load power. Different symbols
in this plot correspond to different conduction current ranges. The two dashed lines define

I "load-limited" and "switch-limited" regimes. In the load-limited regime, the load impedance
determines the voltage. In the switch-limited regime, the voltage is independent of the im-

I pedance, for a given conduction current. in this case, the voltage is limited by the switch to
about 900 kV, and the load current is less than the generator current (current is lost in the switch
region or between the switch aid !oad). Maximum load power occurs at the intersection of these
two lines, about 0.4TW 1000 1 4 1
in this case. C--- o-- - - -

The data in800 r,3-5r" /o / o

Fig. 8 suggest a simple 5" 48 0 0 00:ý /0 * 8 0
i picture of the opened 0 a*o

a 

/0
POS, illustrated in Fig. 6s0 -md

9. At peak power, a A 00

vacuum gap is assumed 40 A-"I A

to have formed in the "10 *load limited'
Qo.

POS plasma. Electron 2W0 0

orbits are illustrated in 0 0 ISOOkA 0 I<600kA I 1<650kA A 1<700kA

Fig. 9 for the load-lim- 0 1 t ....

ited and switch-limited 0 1 2 3 4

cases (see, for example, ZL at peak power (0)

[19]). The electron flow Fig. 8. Peak voltage vs. load impedance for Hawk shots using an r = 5 cm center

extends a distance D conductor. Symbols correspond to different ranges of conduction current.

from the cathode side of the POS gap. Within a numerical factor, D can be calculated from a

critical current formula:

D= 1.6x8SO005y , (4)

where the factor 1.6 is a correction factor from PIC simulations, P3 and y are the standard relativ-

istic factors arid I is the generator current (in Amps) at the time of peak power. The load-limited
case corre.,ponds to low load impedance, so that the electron flow extent D is less than (or equal
to) the vacuum gap. The switch-limited case corresponds to high load impedance where the

electron flow extends across the plasma, and current is lost across the POS. In this case, the cal-

culated value of D using Eq. 4 will be approximately equal to the physical gap in the plasma, as-

suming the electron flow is in equilibrium.
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Load-Limited Switch-Limited

D
oI

I
Fig. 9. Electron flow patterns across a vacuum gap in a POS for 1load-limited" and "switch-limited* cases.

The calculated values of D are shown in Fig. 10 for the same shots corresponding to the
daia in Fig. 8. In the switch-limited regime, the calculated gap, D, is in the 2.5-3 mm range, in-
dependent of load impedance and conduction current. (For comparison, the radial distance be-
tween the POS conductors is 20 mm.) In the load-limited regime, D is independent of conduc-
tion current and an increasing function of load impedance. It is not clear whether the gap in this
case is larger than D, as illustrated in Fig. 9, or if the gap generated in the plasma stops growing
when the electron flow is insulated. In either case, the simple picture of a 2.5-3 mm gap forming
in the plasma explains all the data in Fig. 8.

The limited gap size results in a limited load power, and determines the "matched load"
impedance to maximize the load power (1.5-2 Q in Fig. 8). If the gap size or magnetic field
could be increased, the matched load impedance would be higher resulting in higher load voltage
and power. Empirically, reducing the center conductor radius on Hawk results in higher voltage
and a fixed gap size. Experiments[4] using an r =2.5 cm center conductor are limited to a
voltage of 1.5 MV, and 4 • • I
the calculated gap is r,=5cm D=1.6485003y r/I

< 3 mm. Further reduc-
-3 *O 0 0 * *

tion of the center con- E----- -- - -- --- o-- -0-
E 0oe8 0 - - -

ductor radius to 1.3 cm 0 o 88* 8
Ca80

results in the highest *ý 2 0

voltage to date on "i 1o,,"40 Go a,
HawK, about 2 MV, and &

a similar calculated 0 1
switch gap. An example t l<500kA 0 l<600kA 1 I<65OkA "<700kA

of data from a Hawk
0'shot with an r = 1.3 cm 0 1 2 3 4

center conductor is
Z1 at peak power (0)

shlown in Fig. 11. The Zt tpa!oe 0
Fig. 10. Gap size, D, for the data in Fig. 8., as a function of load impedance. The

conduction current is gap is limited to < 3 mm.
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rI 800 ,,2400

limited to lower values

I in this case (500 kA 6002000

with r = 1.3 cm 1600i 1600

compared with 700 kA >

with r = 5 cn) because - 400 1200
C

of the MHD scaling 800

(Eq 3) and the limited o 200 I t• " .P /t1 .\•

plasma density available 200-400

from the flashboards. .\
I The maximum load 0o

power obtained on
Hawk, 0.7 TW, used a 0.40 0.50 0.60 0.70 0.80 0.90

tapered center conductor Time (,,s)
=5 aFig. 11. Highest load voltage (2 MV) obtained on Hawk using an r = 1.3 cm

(r cm at the genera- center conductor.
tor end of the switch

region to r = 1.3 cm at the load end) in an attempt to extend the conduction phase and increase
I the magnetic field in the region where opening occurs.[4]

One possible explanation of the limited gap has been deduced from PIC code simula-

U tions[20] of a low density (< 1013 cmu3 ) shorter time scale (< 100 ns) POS. As mentioned be-

fore, these simulations may be applicable to the Vs POS after the density has been reduced dur-

I ing the conduction phase. The PIC simulations show a region of net positive charge (potential

hill) resulting from electron depletion. This potential hill migrates axially through the rarefied

plasma, leaving behind a vacuum gap where electrons are magnetically insulated. When the ion-

S rich region reaches the load end of the plasma, the ions erode ad the preformed gap exists along

the extent of the plasma, independent of the load impedance. In simulations, the size of the gap

increases by increasing the magnetic field and by decreasing the density. These results could be

applied to Hawk using a density distribution determined by a fluid code. In the future, a com-
bined fluid/particle treatment could provide a reliable modeling tool for the IS POS.

IV. Summary and conclusions3 POS experiments on Hawk are leading to improved understanding of pIs-conduction-time

POS physics. Density measurements during Hawk shots have been the most revealing new

technique. These measurements show that the density decreases during conduction, that opening

occurs in the middle of the electrode gap instead of near the cathode or anode electrodes, and

that the conduction current scaling can be understood from simple limits: MHD for high cur-

I rents, where opening begins when the axial plasma displacement is about half the switch length,

and EMH for low currents, where axial field penetration occurs before plasma displacement is3 significant. Experiments with diode loads indicate that the POS operates as if a - 3-mm vacuum
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gap forms in the plasma, independent of conduction current, load impedance, and center conduc-

tor radius. Consistent with this limited gap, higher voltage is obtained when the center conduc-

tor radius is reduced. Optimizing the POS parameters to maximize the output power is a trade-

off between higher voltage generated using a small radius center conductor, and the correspond- 3
ing reduction of conduction current because of the MHD limit. Fluid and particle codes may be

able to simulate the conduction and opening phases, respectively, and to indicate promising

methods to increase the oatput power, making this technique even more attractive for pulsed

power applications.

It is a pleasure to acknowledge Rick Fisher for his expert technical assistance on Hawk

experiments. We also benefited from many discussions of POS physics with J. Thompson and 3
E.'Waisman of Maxwell Labs and J. Goyer of Physics International Co.
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Density Redistribution in a Microsecond-Conduction-Time Plasma Opening Switch

I David Hinshelwood,(') Bruce Weber, J. M. Grossmann, and R. J. Commisso
P!asma Physics Division. Naval Research Laboratory. Washington. D.C. 20375-5000

(Received 6 January 1992)

The first measurements of the line-integrated electron density in a coaxial microsecond-conduction-
time plasma opening switch during switch operation are presented. Current conduction is observed to
cause a radial redistribution of the switch plasma, with a large decrease in axial line density over most of
the radial extent of the switch. A local reduction in line density of more than an order of magnitude
occurs by the time opening begins. It is hypothesized that this density reduction allows the switch to
open by an erosion mechanism. Initial numerical modeling efforts have reproduced the principal ob-
served results.

PACS numbers: 52.75.Kq, 52.40.Hf. 52.65.+z, 52.70.Kz

Pulsed power generators that use inductive energy are typically pulsed I to 2 ps before the generator is fired.
storage techniquez offer potential benefits for producing Electrical diagnostics include sets of dB/dt loops at the
TW and higher electrical power pulses [1]. Applications generator and at the load. In the absence of opening, thei for such generators include inertial confinement fusion generator drives 720 kA through the switch in 1.2 ps.
and the production of intense x-ray pulses. A plasma The details of the interferometer will be presented in
opening switch [11 (POS) allows the use of vacuum in- the future [91 and are only summarized here. An
ductive storage for the generation of such high power acousto-optic modulator splits a 10-mW cw HeNe laser
pulses. A POS consists of plasma injected between two beam into two beams with a 40-MHz relative frequency
conductors in vacuum, through which current flows, stor- shift. A scene beam is directed through the switch region
ing magnetic energy in the circuit. At some point, de- in the axial direction, parallel to the cathode (see Fig. I).
pending on the details of the POS and the driving A reference beam traverses an equal path length outside
current, this conduction phase ends and the switch opens, of the vacuum system before combining with the scene
transferring energy to a load. Over the past decade much beam at the beam splitter. The intensity of the combined
attention has been directed toward microsecond-con- beam exhibits a 40-MHz beat signal whose phase de-
duction-time POS development [2-71. This technology pends on the relative phase shift between the two beams.
has promise for the development of compact, multi-TW, The zero-crossing times of the beat signal are used to
multi-MA generatots. In experiments to date switches determine the time-varying phase shift of the scene beam,I have conducted MA-level peak currents for - I ps before from which the line-integrated density fne d: is clculat-
opening in tens of ns [4-61. Magnetic probe measure- ed. Several null tests were performed to verify that the
ments (discussed below) show that large-scale translation measured phase shift is caused by material in the switchI of the current-carrying plasma toward the load does not region [9]. These tests showed a small spurious phase
occur, indicating a relatively high (---1015_1016 cm-3) shift leading to an apparent negative density when the
plasma density. This high density makes the observed, switch opens. This effect gives a measurement limit of
rapid opening of the switch difficult to explain. We re- less than 2x 1015 cm 2, or 20 of phase shift. Neutrals
port here the first quantitative, nonperturbing, in situ are not expected to affect significantly the phase shift be-
measurements of the plasma electron density during POS
operation. The electron density is measured usingI heterodyne-phase-detection HeNe interferometry. These
measurements indicate that the plasma mass -s rarified HwK FLASHBOARD
during the conduction phase. Based on these observa- (18) SCENE

I tions, we propose a mechanism by which current conduc" -'=• J IL
tion is limited and opening occurs. , 6 .

A schematic of the experiment, on the Hawk generator ..i [81, is shown in Fig. 1. The coaxial switch geometry
comprises a 5-cm-radius center-conductor cathode and an q_- CATHODE
array of twelve axial anode rods at a radius of 7.5 cm. A r-.-/

short-circuit load is located 25 cm beyond the switch. -
Plasma is injected by eighteen flashboards positioned at --- - SHORT
an 18-cm radius. Each flashboard consists of an array of l- i ANODE CIROUIT

surface discharges across a carbon-coated insulator. A R

I mask outside the anode rods shields all but the 8-cm-long FIG. I. The Hawk POS geometry, showing the scene beam
switch region from the injected plasma. The flashboards path and the generator (IG) and load (IL) current monitors.
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cause the densities required arc too high: The phase line density increases sharply toward the end of the con-
shifts from neutral C and H arc 27 and 80 times lower, duction phase. The results are similar at different azimu-
respectively, than those from free electrons at the HeNe thai locations relative to the anode rods.
wavelength. Before each shot the flashboards alone are Line densities as a function of radius are summarized
fired and the density is evaluated for comparison with in Fig. 3 for a series of shots similar to the one in Fig. 2.
shots where the POS plasma conducts current. Line densities are shown for two times, early (300 ns) in

Typical data are shown in Fig. 2. Or. this shot the the pulse and just before opening (900 ns). and compared
switch current rises to 660 kA in 900 ns before the switch with data from flashboard-only shots at the same times.
opens, i.e., before current is delivered to the load. The At the beginning of the generator pulse (0 ns, not shown)
detected portion of the scene beam was located radially the line density is higher at the cathode because of stag-
1.5 ±0.05 cm from the cathode surface, and azimuthally nation of the injected plasma and/or secondary plasma
between two anode rods. At about 350 ns into the con- formation due to bombardment of the surface by the in-
duction phase on this shot, the line density departs jected plasma. At 300 ns there is little effect of current
abruptly from the flashboard-only behavior. Rather than conduction other than a further increase in line density at
increasing, the line density decreases somewhat until just the cathode. This may be indicative of the explosive-
before the switch opens. At that time it decreases sharp- emission cathode plasma. By the time of opening, current
ly. During opening, the line density is less than the mca- conduction through the plasma has greatly altered the
surement limit of 2x 1015 cm 2. This represents a de- line density profile. Conduction causes an approximately
crease of over an order of magnitude relative to the value fourfold line density reduction over most of the radial ex-
of 350 ns. Later, the line density increases again, eventu- tent, relative to that at the same time on flashboard-only
ally rising to a level exceeding l08 cm -2 for tens of ps. shots, and a twofold reduction relative to that at 300 ns.
When the switch opens, an inductive voltage appears The latter comparison confirms that the initial plasma
across the switch gap. We believe that the late-time den- has been redistributed. Since the interferometer in-
sity increase reflects enhanced electrode plasma forma- tegrates along the axis, and the same results are observed
tion due to bombardment by energetic particles accelerat- at different azimuths, this redistribution must be associat-
ed by the switch voltage. ed with radial displacement of the plasma. These mena-

Measurements at other radii, except those within a few surements indicate that plasma is pushed out to the anode
mm of either electrode, are qualitatively similar to those radius. Plasma may also be pushed into the cathode, ac-
in Fig. 2; the line density departs from the flashboard- cumulating closer than the minimum observed distance of
only value early in the conduction phase and decreases 0.25 cm. The lowest line density immediately prior to
until opening occurs. At 0.25 cm from the cathode the opening occurs most frequently at 1.5 ± 0.1 cm from the
line density increases relative to the flashboard-only case cathode; opening presumably occurs at this location. We
during the first few hundred ns. It then decreases, but believe that the minimum occurs here, rather than at the
remains finite at opening. At 0.1 cm from the anode the cathode, because of the much higher initial line density at

8.0 1000 16
/

fno dz FBs ONLY / IG SHOT. 300 ns
800 S~.T 90n

6.0 - \ .-

E E

4.0 IL FBs. 900 ns

'E 0

*2.0 fn dZ SHOT 
----

200 4.

O0~ 1j .o.:. j 0

0.00 0.50 1.00 1.50 0.0 0.2 0.4 0.6 0.8 1.0 1 2 1.4 1.6 1.8 2.0

Time (ps)
Distance from Cathode (cm)

FIG. 2. The electron line density at 1.5 cm from the cathode
during a shot on Hawk. The line density (fndz. FP.s) when FIG. 3. Electron line density as a function of radial position.
the flashboards alone are fired is shown for comparison. The earl) in the conduction phase and just before opening
generator (IG) and load (IL) currents are also shown. Flashboard-only data are shown for comparison.
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I the cathode (Fig. 3). Fast framing photography of POS t = 210 nis
plasmas has shown a decrease in visible light emission 7near the center of the switch gap at the end of the con- E:n
duction phase [10,111. Q 6

In previous experiments, current flow in the switch re- [ 4
gion was diagnosed with arrays of dB/dt loops immersed 5
in the switch plasma [121. These measurements indicate -3 -2 -1 0 1 2 3I that current is conducted across the switch in a broad (4 -CM)
to 8 cm wide), predominantly radial channel that propa- -2.4
gates toward the load as the conduction phase progresses. *E
At opening, the center of the current channel is located "

* near the ioad end of the 8-cm-long switch aperture. This - 1.6
translation is consistent with calculations of the center- i r1.7cm
of-mass hydrodynamic translation of a C++ switch plas. N 0.8
ma, using the current wave form and measured electron (b)
line density. The observed radial plasma displacement to- : 0.0( 1 1 I
ward the anode and cathode can be explained by a rela- - 0 50 100 150 200 250I tively small axial (JQ1j, - 10%) tilt or bend in the current t (ns)
streamlines, which would not be resolved by the magnetic
probe measurements. We believe that. the axial corn- FIG. 4. ANTHEM code predictions: (a) Electron density con-
ponent of the current strearplines arises from a combina- tours at the end of the conduction phase. The vertical lines in-
tion of the radial dependence of the magnetic field and dicate plasma location. The electron density at n, is 1.3x 10"6the radial variation of the initial plasma line density. A cm 3. The density rises to over 4x 10" cm-3 near the cathode.radial variation of B2/n will result in a radial variation of (b) Axial line density at 1.7 cm from the cathode.

the axial displacement, and thus a bend in the current
streamlines, generation and current transfer to the load, occurs in a

Hydrodynamic motion of the switch plasma was (relatively short) few tens of ns. Similar results were ob-I modeled with the ANTHEM two-fluid code [131. The tained in Refs. [2-71. The observed reduction in the line
measured electron line density profile at 300 ns was divid- density by more than an order of magnitude at 1.5 cm
ed by 8 cm to get an average local density. To reduce from the cathode may allow the switch to open by
computation time, the plasma mass and length and the enhanced erosion [151 of the switch plasma. Erosion
current rise time were reduced. A 4-cm-long, H + plasma occurs when the ion current drawn from the switch plas-
was assumed, with a current rise time of 200 ns. This rise ma exceeds the saturation value. A vacuum gap D forms
time was chosen to provide the same calculated center- at a rate given by dD/dt -j,/en, - LD, where Vo is theI of-mass translation as the experimental parameters. Re- ion injection velocity perpendicular to the cathode and ji
suits are shown in Fig. 4. Figure 4(a) shows electron and n, are the line-integrated ion current density and
density contours at 210 ns, corresponding to the time of electron density. Effective §witch gap opening rates areI switch opening in the experiment. The current stream- inferred from similar shots with diode loads [6]. Based
lines follow these contours-mostly radial, but bowed. on magnetic insulation arguments and electrical data
The plasma has been displaced toward the load end of the from these experiments, gap opening rates of -5 cm/ps
switch region, albeit in a narrower channel than indicated and switch gaps at opening of a few mm are inferred.3 by the magnetic field measurements. We believe that the Faraday-cup measurements [121 indicate that the ion
observed current channel width could be reproduced by current is on the order of 20% of the total current at the
incorporating anomalously enhanced resistivity in the time of opening. At the line density of 4x 1016 cm-2
modeling [141. More importantly, the slight bending of measured at 300 ns (Fig. 3), j,/en, is about 0.4 cm/ps,
current streamlines has led to a radial density redistribu- which is far too small to explain the observed opening
tion, with a density minimum at 1.7 cm from the cathode. rate. However, at the reduced electron line density at thei This compares well with the results in Fig. 3. Figure end of the conduction phase of 2x l0Is cm -2 (the inter-
4(b) shows the calculated time history of the axial line ferometer measurement uncertainty), j,/en, exceeds 10
density at this radius. (Note that because of the reduced cm/ps. This rate may well exceed the ion injection veloc-
length of the switch aperture in the computation the ini- ity and can explain the observed rapid opening.I tial line density is a factor of 2 less than the experimental In conclusion, line-integrated electron density measure-
value.) A sharp decrease is seen at the end of the con- ments during POS experiments have shown new features
duction phase, which compares well with the results in of plasma dynamics relating to the conduction and open-
Fig. 2. ing mechanisms in a POS. Current conduction causes a

The ultimate opening of the switch, causing voltage reduction in line density during most of the conduction
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I He-Ne interferometer for density measurements in plasma opening switch
experiments

I B. V. Weber and D. D. Hinshelwooda)
Plasma Physics Division, Naval Research Laboratory, Washington. D.C. 20375-5000

(P'esented on 19 March 1992)

A He-Ne interferometer is used to measure the line-integrated electron density in the plasma of
an operating plasma opening switch (POS). A heterodyne technique is used, where an
acousto-optic modulator generates a 40-MHz frequency shift between the reference and scene
beams. The phase shift is calculated numerically from the zero-crossing times of the beat signal.
The precision of the phase measurement is -:0.5%, however, several nonplasma sources of phase
shift are present just after the current through the POS is interrupted. In particular, charged
particle flow into the vacuum window results in a negative phase shift. This anomalous phase
shift is effectively eliminated by using magnets to deflect the particles away from the window.
Measurements during POS shots show a localized decrease in line density prior to current3 interruption.

I . INTRODUCTION ometer se.up and phase-shift calculation are described in
Sec. 11. Nonplasma sources of phase shift are discussed inA plasma opening switch (P0S) is essentially a plasma Sec. III. Finally, an example of a line-integrated density

I injected between the output conductors of a pulsed power measurement during Pan operation is presented in Sec.

generator.' The plasma short circuits the conductors as Ip.

current is delivered from the generator. After a
conduction-current or conduction-time limit is reached,
the plasma current is interrupted quickly, resulting in a
fast-rising, high-power pulse into a downstream load, for A diagram of the interferometer, as used to diagnose
example, an e-beam diode. the Hawk POS plasma, is shown in Fig. 1. An acousto-

One application of a POS is on the Hawk generator2 at optic modulator (AOM) is used to split the 10-mW He-
the Naval Research Laboratory. Hawk consists of an oil- Ne laser beam (633 nm) into reference and scene beams
filled Marx bank with a typical output voltage of 640 kV. with a 40 MHz frequency difference for heterodyne phase

I The output of the Marx is connected to a coaxial vacuum detection.' The beams are recombined at a beam splitter
section where a POS and load are located, as illustrated in (BS) and monitored with a photodiode (PD). This signal
Fig. 1. The current into a short-circuit load without the is amplified by 55 dB and bandpass filtered (typically using

i POS plasma is a sine wave, with a peak amplitude of 720 a 10 MHz bandwidth) before being recorded by a digitizer,
kA and 1.2-Ais quarter period. Plasma is injected into a typically at 5 ns/point for 5-50 As. This interferometer
localized region of the coaxial vacuum section with an az- technique has been used before, with a He-Ne interferom-
imuthal array of 18 flashboard sources. Each flashboard eter as part of a two-color interferometer. 6

consists of an array of flashover gaps on a circuit board The phase shift is determined by numerical analysis of
with a return-current plane to eject plasma by JXB the digitized beat signal. This technique is chosen over
forces.3 The current sources for the flashboards are fired more conventional techniques using digital 6 or analog 7

before the Hawk generator in order to inject a suitable electronics for simplicity and because the beat signal itself
plasma density in the switch region. These plasma sources
produce a high velocity (10-20 cm/As), mostly C++
plasma.

POS experiments on Hawk with an e-beam diode load I AOM HC __ __ _,

demonstrate 0.4-TW load power (0.8 MV, 500 kA) with a
20 ns rise time after conducting 600 kA in 0.9/1s. 4 This icj I ^

POS technology is being studied internationally in an efforti v
to develop high-power, compact, intenaio nductive- alslyina nTefr.t
store generators.' To understand the physics of POS oper- I_ t,,__, v....F,
ation, time- and space-resolved measurements of the ±n_ ,,

plasma density during conduction and opening ar. re- Sa.... Roo.

quired. The interferometer technique reported her- pro-
vides the first measurements of the line-integrated electron 7_A_

density in the plasma during POS operation. The interfer-I _ __ ___ __FIG. 1. Schematic of the Hawk generator with a POS. The arrangement
cf the He-Ne interferometer to measure the POS plasma density is

"=Present address: JAYCOR. Vienna. VA 22180. shown. ThI Marx generator for Hawk is located to the nght of the figure
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800 .4 ative density, corresponding to About -2", is evident in
Fig. 3 just after opening begins. It is unclear whether this

600 :"-,,, -3 small negative phase shift is caused by x rays, charged

S"o ,,-"particles, or other sources. About 0.3 #s after opening be.
"400 .- 2 gins, the density increases, and eventually (at a time be-

No M a g n et s • yond the range shown in Fig. 3) reaches a maximum value
2it0 greater than 1017 cm-3, more than ten times larger thanS:0 .With Magnets9L

," the maximum flashboard density. This large density prob.
0 -------- : 0 ably arises from electrode plasmas expanding into the line-

of-sight.

0.0 0.5 1.0 1.5 Measurements 9 at other radial locations indicate that
Time (us) the density decreases prior to opening throughout most of

the 2-cm radial gap of the switch, although the minimum

density occurs at the 1.5-cm location in this case. Other
FIG. 2. Phase shifts measured in a null test where the laser beam is interferometry measurements indicate the plasma is not
isolated inside a metal tube Currents measured on the generator (IG) displaced significantly toward the load. Therefore, switch
and load (IL) sides of the switch during a POS shot are shown. Phase
shifts are shown for shots with and without magnets. opening occurs in the rarefied plasma-density region in the

vicinity of 1.5 cm from the center conductor for the con-
ditions in Fig. 3. Plasma densities have been measured for I

short time after the load current. The amplitude of this a variety of switch configurations using various initial den-
phase shift is 30, and the negative sign indicates that the sities, conductor radii, injection aperture lengths, and gen-
phase is opposite to the phase from plasma electrons. With erator current rise times. Also, other lines-of-sight (radial I
the magnets, the phase is zero within the ±0.5* uncertainty and chordal) have been used to measure axial dependen-
during the 1.5-ps interval of the measurement. cies.

Multichord He-Ne interferometry is being considered
IV. DENSITY MEASUREMENTS DURING POS to allow measurement of spatial dependencies without re-
OPERATION lying on shot-to-shot reproducibility. Finally, the He-Ne

An example of a plasma-density measurement during interferometer can be used in conjunction with a CO2 laser I
F 3.9 Finterferometer as a kind of two-color interferometer wherePOS operation is shown in Fig. 39For this measurement, the CO2 interferometer can improve the resolution of small

the line-of-sight of the laser beam is located 1.5 cm from

the surface of the center conductor. The flashboard plasma densities in the POS switch gap.

density nF1 (averaged over the 8-cm plasma length) is
measured if only the flashboards are fired. The flashboard
density rises from 2.5 x 1015 cm- 3 at the time conduction ACKNOWLEDGMENTS
would begin to more than 8X I015 cm- 3 at the time open- The authors are indebted to their colleagues in the
ing would begin. During a Hawk POS shot, the density ne Pulsed Power Physics Branch for enthusiastic support of
follows nFB for about 0.3 ps, but then slowly decreases this work, especially R. Boiler, R. Commisso, P. Goodrich,
from the fla.hboard density. Prior to opening, the density and J. Kellogg. The Hawk experiments were performed
decreases c.oruptly. During and after opening, the density with the expert assistance of R. Fisher. One of the authors
is zero within the measurement uncertainty. A small neg- (B.V.W.) would like to acknowledge many useful discus-

sions on interferometry with J. Irby of the Massachusetts
Institute of Technology. This work was supported by the

8008 Defense Nuclear Agency.

6 0 0 " • .f6 oo

"< 'IEEE Trans. Plasma Sci. Special Issue on Fast Opening Vacuum
"- Switches, PS 15. No 6. (1987), and references therein.

400 '1 4 Q J. R. Boiler, R 1. Commisso, P J. Goodnch, D D Hinshclwood, J C

, , n, Kellogg, J. D. Shipman Jr., B. V. Weber, and F. C. Young, NRL

. 200 2 "2 Memorandum Report No. 6748, Washington, DC, January 25, 1991.
- D. G. Colombant and B. V. Weber, IEEE Trans. Plasma Sci. PS 15, 741IL= (1987).

.-- 4 B. V. Weber, R. J. Commisso. P. J Goodnch, I M. Grossmann. D. D.

Hinshelwood, J. C. Kellogg, and P. F. Ottinger, IEEE Trans. Plasma
00 0 5 1.0 1.5 Sci. 19, 757 (1991).

5A. R. Jacobson, Rev. Sci. Instrum. 49, 673 (1978).
Time (lis) "J. H. Irby, E. S. Marmar, E. Sevillano, and S M. Wolfe, Rev. Set

Instrum. 59. 1568 (1988).
FIG. 3. Density measurements during POS operati.,i on Hawk. The 7p. Innocente and S. Martini. Rev. Sci. Instrum. 59, 1571 (1988).
density measured dunng the shot n, departs from the flashboards only 8p. Marchand and L. Marmet. Rev. Sci. Instrum 54, 1034 (1983).
density nF8 dunng the conduction phase and decreases abruptly pnor to "David Hinshelwcod. Bri,ce Weber. J M. Grossmann, and R. J. Corn-
opening. misso. Phys. Rev. Lett. 68. 3567 (1992).

5201 Rev. Sci. Instrum., Vol. 63, No. 10, Octob, 514 istics 5201



I is an important monitor of the interferometer. The zero- circuit load. This signal is attributed to bremsstrahlung
crossing times of the beat signal are calculated by linear generated by the stopping of high-energy electrons from
interpolation using a simple computer program, and the the POS region in the metal walls. The inductive voltage
corresponding phase shift 0 is calculated using generated at the switch during opening is typically 200 to

400 kV, with a pulse duration of about 50 ns. This x-ray
pulse produces a detector signal with frequency compo-

where t,, is the nth zero-crossing time, and w is the angular- nents near 40 MHz that add to the beat signal and change
frequency difference between the reference and scene the phase. The stray radiation reaching the detector was
beams. The numerical accuracy of this calculation depends reduced by introducing lead shielding around the detector,
on the digitizing rate; at 5 ns/point, the maximum numer- as shown in Fig. 1. This technique may not be sufficient if

I ical error in t, for an ideal 40 MHz sine wave is A: 0. 14 ns, higher voltage is generated, for example, by using a diode
or about 2* maximum phase error. This numerical phase load. In this case, a fiber optic may be used to transmit the
error oscillates at 40 MHz and thus appears as high fre- laser light to a remote detector.

I quency noise on the phase signal, so it can be numerically Density gradients perpendicular to tl . line-oT-sight re-
filtered. For a frequency response of 1-5 MHz, a 20-pass fractively bend the scene beam by an angle a= - (10Vn)/
binomial smoothing filters is appropriate. This reduces the 2n, where 10 is the axial length of the plasma, Vn is the
numerical phase noise to about -0.5" using the actual beat density gradient (for example, in the radial direction), and
signal. In principle, a faster digitizing rate would result in n. is the critical density. For the Hawk plasma to is 8 cm,
higher precision, but other sources of phase noise in the and the refractive bending angle is 1 mrad for Vn = 7 X 1017

present experiments make this change unnecessary. cm-4. This deflection angle would be sufficient to move the
The scene beam passes through a quartz window into scene beam off the detector if the lens were not used. Den-

the Hawk vacuum chamber and reflects off two mirrors sity gradients of this magnitude probably do not exist in
inside the center conductor to direct the beam along an the Hawk plasma, but even smaller deflections can alter the

I a.xial line-of-sight through the 8-cm-long POS plasma re- amplitude of the beat signal and introduce phase errors.
gion (Fig. 1). The beam passes through a hole in the an- Test shots were taken with and without the lens to check
nular short-circuit-load plate, and exits the vacuum cham- for refraction. On many shots, the beat signal decreases
ber through a quartz window. The plasma region is imaged significantly during coniduction if the lens is not used. The
onto the detector by an achromatic doublet lens of focal lens corrects for refractive bending in all but a few cases
lengthf which is located a distance 2f from the plasma and (for example, when the beam is located very close to a
2ffrom the PD detector, resulting in unity magnification. conductor where higher density gradients are observed),

I The lens serves two other functions: to redirect laser rays resulting in a relatively constant beat-signal amplitude
refracted by electron-density gradients onto the detector throughout the conduction and opening phases of the POS.
(without additional phase shift) and to focus the laser An unexpected source of nonplasma phase shift was

I beam through a spatial filter (typically 0.04-cm diam) to discovered by isolating the scene beam from the POS
block much of the plasma light that otherwise would reach plasma with a metal tube. The tube is attached to the
the detector. The PD detector samples a 1-mm-diam por- center conductor and extends from the short-circuit plate
tion of the beam in the plasma, where the full beam is to a location far upstream of the plasma injection region.
about 5 mm in diameter. The tube diameter is smaller than the gap between the

inper and outer conductors in the switch region, allowing
normal POS operation. The laser beam was directed

I 11. NONPLASMA SOURCES OF PHASE SHIFT through this tube. During POS shots, a phase shift begin-

Several null tests were performed to determine sources ning just after opening was observed. This anomalous

of phase shift from causes other than plasma electron den- phase shift is opposite in sign to the phase shift from
I sity. Tests for vibrational phase shifts were made by firing plasma electrons. This phase shift is attributed to a tran-

Hawk without injecting any plasma. Over the time range of sient increase in the index of refraction of the vacuum
interest (a few us), no significant vibrational phase shift window which results from an electro-optic effect when
was observed. Other sources of nonplasma phase shift in- charged particle flows (most likely fast electrons from the
vestigated include: plasma light and x rays, refraction, and switch region) impinge on the quartz vacuum window.

charged-particle flow into the vacuum window. Phase This phase shift was reduced by using permanent magnets
shifts from these sources were observed, and methods were located beyond the short-circuit plate (see Fig. 1) to de-

I developed to minimize these unwanted phase shifts so that flect charged particles away from the window. The de-
accurate plasma-density measurements could be made dur- crease of this anomalous phase shift, measured by using the
ing POS operation. tube to isolate the beam from the plasma, is shown in Fig.

To measure signals resulting from plasma light and x 2. For these shots, the generator current IG increases to
rays, POS discharges were made without the He-Ne laser. more than 600 kA in 0.8 /is, while the load current IL
Plasma light was attenuated before reaching the detector remains zero (the current is conducted through the POS
by the lens-aperture spatial filter and by a spectral line plasma). After this 0.8 /us conduction phase, the POS
filter, as shown in Fig. 1. Even so, a signal was observed "opens," and the load current rises rapidly. Without the
during the time current is rapidly switched into the short- magnets, an anomalous phase shift is detected, beginning a
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DENSITY MEASUREMENTS OF
MICROSECOND-CONDUCTION-TIME POS PLASMAS

David Hinshelwood," B. V. Weber, R. J. Commisso,
P. J. Goodrich,' J. M. Grossmann, and J. C. Kellogg.

Plasma Physics Division
Naval Research Laboratory, Washington, DC 20375-5000

"Jaycor, Vienna VA 22182-2270

Abstract: Measurements of the electron density in a coaxial microsecond
conduction time plasma opening switch during switch operation are described.
Current conduction is observed to cause a radial redistribution of the switch
plasma. A local reduction in axial line density of more than an order of
magnitude occurs by the time opening begins. This reduction, and the scaling
of conduction current with plasma density, indicate that current conduction in
this experiment is limited by hydrodynamic effects. It is hypothesized that the
density reduction allows the switch to open by an erosion mechanism. Initial
numerical modeling efforts have reproduced the principal observed results. Amodel that predicts accurately the conduction current is presented.

I Plasma density measurements are critical to the understanding of plasma opening
switch (POS) operation. HeNe interferometry is a relatively simple, quantitative,U non-perturbing technique for in situ electron density measurement during POS
operation. The first such measurements were reported recently.1  A schematic of
the arrangement, on the Hawk generator at the Naval Research Laboratory, is shown3 in Fig. 1. Measurements have been obtained on shots with various cathode and anode
radii. A short-circuit load is located 25 cm beyond the switch. A mask outsideI the anode rods shields all but the (usually) 8-cm-long switch region from the plasma
injected by 18 flashboards. The flashboards are typically pulsed 1 to 2 Jts before the
generator is fired. In the absence of opening, the generator drives 720 kA through the

I switch in 1.2 Its.
Details of the interferometer are given in Ref. 2 and are only summarized here. An

acousto-optic modulator splits a 10-mW cw HeNe laser beam into two beams with a3 40-MHz relative frequency shift. A scene beam is directed through the switch region
in the axial direction, parallel to the cathode (see Fig. 1). A reference beam traverses
an equal path length outside of the vacuum system before combining-with the -scene

beam at a beamsplitter. The intensity of the combined beam exhibits a 40-MHz beat
signal whose phase depends on the relative phase shift between the two beams. The
zero-crossing times of the beat signal are used to determine the time-varying phase shift

of the scene beam, from which the line-integrated density f fledz is calculated. Several
null tests were performed to verify that the measured phase shift is caused by electrons3 in the switch region.' Several sources of spurious phase shift have been identified. After
taking corrective measures,' a measurement limit during shots of less than 2 x I0"• cm-',

or 20 of phase shift, has been achieved. Before each shot the flashboards alone are fired

and the density is evaluated for comparison with shots where the POS plasma conducts
current.

5
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of the injected plasma and/or secondary plasma formation. At 300 ns there is little
effect of current conduction other than a further increase in line density at the cathode.

This may be indicative of the explosive-emission cathode plasma. By the time ofU
opening, current conduction through the plasma has greatly altered the density profile.
Since the interferometer integrates along the axis, and the same results are observed
at different azimuths, this alteration must be associated with radial displacement of
the plasma. These measurements indicate that plasma is pushed out .o the anode
radius, and perhaps in to the cathode. The lowest average density immediately prior
to opening occurs most frequently at 1.5±0.1 cm from the cathode; opening presumably
occurs at this location. Data taken during shots with 2.5-cm-radius and 12-cm-radius

cathodes show a strong, density decrease over most of the switch gap and the radialI
location of opening is not as obvious.

The observed radial plasma displacement toward t *he anode and cathode can be

explained by a relatively small axial (j,/J,-.10%) tilt or bend in the current streamlines.
NW believe that this axial component arises from a combination of the radial dependence
of the magnetic field and the radial variation of the initial plasma line density. A radial3
variation of B 2 /n will result in a radial variation of the axial dispiacement, and thus
a bend in the current streamlines. The different radial density profiles at opening

observed with different cathode diameters may result from different initial density andI
inagnetic field profiles.

t =210 ns

20 76
16" Shot, 300 ns

EShot, 900 its -3 -2 0~C 1 2 3

~.*F~s, 300 ns ~(m
E - * Fls, 900 ns

2 6 6

-el

024 6 8 101I' 1618S20 0o 50 100 150 200 250
DsacfrmCalhodq (mm) t (nscc)

FIýgure_3: Electron density as a function of radial Fiue 4:ATEIoepcitos top)

nosition early in the conduction phc~se and just Electron density at the end of tl conductin
before opening. Flashboard-only data are shown phase. The vertical lines indicate the initial plasma
for comparison, location. (bottom) Average density at 17 mm from

the cathode.

Hydrodynamic motion of the switch plasma has been modeled with the ANTHEM
two-fluid code,' using the measured, average electron density profile at 300 ns. To
reduce comptitation time, the plasma mass and length and the current risetime were
reduced. A 4-cm-long, H+ plasma was assumed, with a current risetime of 200 ns.L 518
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This risetime was chosen to provide the same calculated center-of-mass translation
as the experimental parameters. Results are shown in Fig. 4. Figure 4a shows
electron density contours at 210 ns, corresponding to the time of switch opening in

I the experiment. The current streamlines follow these contours - mostly radial, but
bowed. Plasma has been displaced toward the load end of the switch region, albeit
in a narrower channel than indicated by previous magnetic fielJ measurements. ' We

I believe that the wider current channel indicated by the field measurements could be
reproduced by incorporating anomalous resistivity in the modeling.' More importantly,
the slight bending of current streamlines has led to a radial density redistribution, with
a density minimum at 1.7 cm from the cathode. This compares well with the results in
Fig. 3. Fig. 4b shows the calculated time history of the average density at this radius.
A sharp decrease is seen at the end of the conduction phase, which compares well with
the results in Fig. 2.

The ultimate opening of the switch occurs in a (relatively short), few tens of ns.
I The observed reduction in the average density by more than an order of magnitude

at 1.5 cm from the cathode may allow the switch to open by enhanced erosion of the
switch plasma. Effective switch gap opening rates are inferred from similar shots with
diode loads.' Based on magnetic insulation arguments and electrical data from these
experiments, gap opening rates of -- 5 cm/Its and switch gaps at opening of a few mm
are inferred. Faraday cup measurements5 indicate that the ion current is on the order

of 20% of the total current at the time of opening. At the reduced average electron
density measured at the end of the conduction phase in these experiments, the value
of jt/en, exceeds 10 cm/ls. This rate may well exceed the ion injection velocity and
can explain the observed, rapid opening.

Data have also been obtained using the chordal lines of sight shown in Fig. 1.
SMeasurements at four locations in the switch region were taken during shots with
2.5-cm-radius cathodes. Tubes shielded the scene beam from plasma outside theI switch region. Typical data, from a shot with the line-of-sight located 3 cm from
the generator end of the switch region, are shown in Fig. 5. The average density at
each location first increases, and then decreases. The density increase is larger toward

I the load end, as would be expected from axial displacement of the switch plasma. The
density decrease at each location is correlated with the arrival of the current front, as
determined by dB/dt probe data taken during similar shots, as seenrin Fig. 5.

SMeasurements beyond the switch region were taken during shots with 5-cm-radius
cathodes. Typical data are shown in Fig. 6. No significant electron density is observed

I beyond the switch region until well after opening. This confirms that opening does
not arise from a large-scale translation of the switch plasma as it does in a plasma flow
switch. An interesting phenomena is observed (see Ref. 3): For conduction currents
below 450 kA, no significant plasma is observed beyond the switch, even after opening,

while at larger currents plasma is observed. This is suggestive of two different regimes
of switch operation.

I
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Figure 5: Average density along a chordal line of Figure 6: Average densities along lines of sight
sight located in the switch region. The signal from beyond the initial switch region.
a magnetic probe, at the same location on a similar
shot, is shown for comparison.

Several models have been proposed to explain the limitations on current conduction
in plasma opening switches. Field penetration by the Hall term (EMH)s and j x f
hydrodynamic displacement (MHD) 9 are relevant to the parameters of this experiment.
Peak conduction current scaling with density has been studied by taking timing scans
using different cathode radii, switch lengths, and current risetimes. Data from timing
scans using three cathode radii are compared with predictions in Fig. 7. The peak
density at 1.5 cm from the cathode is used in the predictions. In calculating the MHD
limit it is assumed that opening occurs when the plasma center-of-mass is displaced
by half of the initial switch length. This is consistent with previous magnetic field
measurements.' Good agreement between the data and the MHD predictions are
observed for most shots. Data from a few shots at lower switch currents are suggestive
of an EMH mechanism. Data from shots with different switch lengths and current
risetimes (see Ref. 3) show agreement with prediction similar to that in Fig. 7.

The MHD calculation has been refined to account for the time-varying density by
using a snowplow model.1" In front of the snowplow, the density is given by data.
from flashboard-only shots. Behind the snowplow, the self-magnetic field is assumed
to prevent further plasma from entering the switch gap. Conduction is assumed to
cease when the snowplow reaches the end of the initial switch region. The underlying
assumption is that this level of axial dihplacement is associated with the level of radial
displacement necessary to allow opening. Predicted and observed peak conduction
currents are shown in Fig. 8 for shots with different cathode radii, switch lengths, and
current risetimes. This simple model is seen to have very good predictive capability.

520



700 r-0 12C 0 STD

600 
0 50kkV

5 0 00 0 1 -4cm

500 <

0 r=2.5cm -. c

/ 0. 0-3) 400 400\Z
-- i /x / / r-5cm "

300 / /Q
,, ,,200

I I I • MHDI I M/
- - EMH

200 1 . . . . .. 0 " ' ' "

1015 10 1017 0 200 400 600 800

3 Line densily/8cm (cm-3 ) Measured (kA)

Figure 7: Conduction current as a function of peak Figure 8: Conduction current versus predictions
density for three cathode radii, compared to that "[ the snowplow model, for a range of switch

i calculated from the M11D and EMH models. p,.rameters.

In conclusion, electron density measurements during POS experiments have
shown new features relating to the copduction and opening mechanisms in a POS.
Current conduction causes a density reduction over most.of the plasma radial extent,
indicating that current conduction in this experiment is limited by hydrodynamic
effects. Opening occurs without a large-scale axial displacement. We suggest that a
radially-nonuniform axial snowplow gives rise to a radial redistribution of the switch
plasma, and that opening occurs by erosion of the rarified region. This picture is

I supported by axial and chordal line of sight data, fluid code calcu'lations, and the
scaling of conduction current with switch parameters. The density measured during
flashboard shots can be used to predict accurately the conduction current over a range

i of switch parameters.
It is a pleasure to acknowledge valuable contributions to this work from Rick Fisher.
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PLASMA OPENING SWITCH EAPERINENTS ON HAWK
WITH AN E-BEAN DIODE LOAD

P.J. Goodrich,* J.R. Boller R.J. Commisso,
D.D. Hinshelwood,* J.C. Kellogg, B.V. Weber

Pulsed Power Physics Branch, Plasma Physics Division
Naval Research Laboratory, Washington, DC 20375

Abstract cathode (pictured here) and a 5 cm diam
cathode. The current monitors shown here

Successful application of inductive energy consist of a Rogowski loop, ISU, on the
ý;torage depends critically on the performance generator side of the POS (upstream) and two
f the opening switch. The new Hawk B-dot monitors, ILU and ILL, on the load side

jenerator at NRL 1 is used in plasma opening of the POS (downstream) at the e-beam diode.
switch (POS) experiments in the 1-ps The plasma was produced by 18 carbon-coated
"2onduction time regime to study long flashboacds in the POS region. The banks
::onduction time POS physics. In this driving the flashboards were typically fired
xperiment, different POS configurations were 1-2 ps before current was conducted in the
ised, including various switch to load switch.
Uistances and different cathode center
ýonductor radii. The load was an e-beam
iode. Peak load powers of 0.5 TW, with load )

;urrent risetimes of 20 ns and current
:ransfer efficiencies of 80%, were achieved
*;ith a POS conduction time of 0.75 ps using a
5 cm diam cathode. Typically, 40 kJ were ROOS
:oupled into the diode, which is 20% of the 0tO0L
energy stored in the Hawk capacitance. The
lata indicate that above a critical load
impedance the final switch gap, as determined
from magnetic insulation arguments, is fixed
'LO 2.5-3 mm, independent of conduction
rurrent and center conductor radius. Above Z (CM
,his critical load impedance, current is '_'_ _

-hunted into the transition section between
:he switch and the load such that the voltage
remains constant. At lower impedance values,
":he load voltage decreases in proportion to
:he load impedance. This critical load LL
impedance is then the optimum impedance for
naximum load power. Increasing the cathode
magnetic field by conducting more current (up
to a limit) or by decreasing the cathode
center conductor radius at a given current
level allows the switch to remain insulated Fig. 1. Hawk switch/load vacuum section in
it a higher voltage. Peak load voltages up the standard configuration.
:o 1.7 MV were achieved using a 5 cm diam
:cnter conductor, a factor of 2 higher than
::hat obtained with a 10 cm diam center The set-up in Fig. 1 with a switch to load
conductor and 2.7 times higher than the length of 26 cm is called the standard
-rected Marx voltage (640 kV). configuration. In this configuration, for

conduction times greater than 0.6 ps, plasma
Dtrodluctgn reaches the diode before switch opening.

This is plasma directly from the flashboards

Pulsed power generators traditionally use and plasma accelerated to the load by JxB
water line and vacuum transmission line forces during conduction (confirmed by
technology for power conditioning--power gain Faraday cups in the load). The bulk of the
and pulse compression--of the microsecond plasma does not reach the load--independent
output pulses from Marx banks. The emergence magnetic probe measurements indicate the
of inductive store technologyz allows the center of mass motion of the plasma is only
development of more compact pulsed power about 4 cm downstream--but enough plasma
enerators. An opening switch such as a POS reaches the lodd for it to act like a plasma-
is used for power conditioning of the output filled diode with a rising load impedance.
pulse from the Marx. Hawk uses a 607 nH This uncontrolled load plasma ultimately
Marx, designed by Physics International Co., 3  limits the Impedance to a relatively low
with 225 kJ stored at 80-kV charge to deliver value, independent of the actual diode gap
up to 700 kA in 1.2 ps to a POS. By varying spacing and well below the vacuumvalue (for
the switch plasma density, the switch can be large enough gaps).
made to conduct from 0 to 1.2 ps. The goals
of these experiments were to study the To obtain higher load impedances and
physics of the switch for these long control the impedance with the gap spacing,
conduction times and optimize the switch/e- plasma must be kept out of the load. This
beam diode performance to generate high power was accomplished by extending the conductors
short duration (<100 ns FWHM) power pulses. downstream of the switch so that the switch

to load length is 40 cm or more. The two
lfiwY. pejn rtaiL Conficuration (originally load) B-dot current monitors were

left in place to measure current in the
The switch/load vacuum section of one transition section, about halfway between the

experimental configuration is shown in Fig. switch and the load, and two B-dot monitors
1. Different center conductor (cathode) were added at the load. In this
diameters were used, notably a 10 cm diam configuration, callqd the extended
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configuration, the load looks like a vacuum Fig. 4 shows data from two shots in the Idiode with a falling load impedance and the extended configuration. Here the load looksimpedance can be controlled by changing the likea vacuum diode wit a falling load
gap spacing. impedance. By increasing the diode gap

spacing from 0.5 cm to 1.0 cm the load I
esults with a 10 cm Diem Cathode impedance at peak power increases from 2 0 toabout 4 0. However, the Voltage generated onFig. 2 shows representative data from a these shots is the same, -800 kV, so the

Hawk shot with a 10 cm diam cathode in the impedance "mismatch" with the larger gap
standard configuration. The plasma delay is spacing resulted in greater curent loss.
1.5 As and the switch conducts for 0.9 gs
before opening. The 10-90% load current I
risetime is 40 ns with an 80% current 900 1 1 9
transfer efficiency and 500 kA delivered to BOO (I C. d ieu goo
the load. There is about 100 kA of residual .8
current in the switch. Peak load voltage is 700 Vt 0S a g
770 kV, peak load power is 0.4 TW, and almost 5 0
40 kJ is delivered to the load. Best opening -600 - 6
(highest voltage and power and fastest 6500o
risetimes) on shots with a 10 cm diam cathode
occurs for conduction times of -1 As, near 40 t mo ow• •4

peak current. > L0 i3f0 -

20 .2..o -

700 ""4Dp C"Ir 70 I11
00

600 600:

~500- 500 0.70 080 0.90 1.00 1.10 120I

400 AlooTt.E UW

030 Fig. 4. Load data for two shots in the

1 200 extended configuration.

110 The dependence of voltage on load impedance

0u- a o is shown in Fig. 5 for numerous shots with a
10 cm diam cathode. Below a critical load
impedance, -1.7 n, the voltage decreases in

0o00 00 0o0 0.90 10 10 proportion to the load impedance. This is
termed the load limited regime. Above the

T 4Wcritical impedance, the voltage is constant
for a given conducted current. This is

Fig. 2. Current and voltage data for a 0.9 called the switch limited regime. As the
ps conduction time 1S shot with a 10 cm diam load impedance is increased above 1.7 0,
cathode in the standard configuration. current is lost between the switch and the

load, although well downstream of the switch,
where the plasma density is zero. Also, the

Load data for this shot are shown in Fig. maximum voltage increases with conducted
3. The load acts like a plasma-filled diode current. For example, with conducted
with an impedance rising from 0 0 to 1.5 0 at currents of 500 kA the maximum voltage is
peak load power. The diode gap spacing is 1 -500 kV, for 650 kA it is -900 kV.
cm which represents a vacuum impedance,
assuming critical current, of 8 0. An
impedance of 1.5-2 0 was the highest that 1000
could be obtained in this configuration, 0
regardless of the gap spacing (including0 0 0
removal of the anode plate) for conduction 080 //8,80
times over 0.6 ps. / 0/ % + +

+ +°0

7009O 5 I 6 O o Switc himited
Soo >4/ / + O

/ /++a + load limited
4007

Z/ I . I Z. 0 1 2 " " 31 ' 4
- 00

100 06<0~ + i6c~ <$i. <0

0 0 Fig. 5. Peak voltage as a function of load
_____________________impedance with the 10 cm diam cathode. AboveSa critical impedance, -1.7 0, the voltage is

070 8 0 1.10 120 constant for a given conduction current.

T•E (•&sFig. 3. Load data for the shot in Fig. 2.
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I.v.
Maximum power is delivered to a load

,operating at the critical impedance, as shown
In Fig. 6. Furthermore, the peak load power D=1*8500By rf
increases with conduction time up to 1 ps. .

Thus, the highest power generated, 0.4 TW,
occurs for 1 ,s conduction at a load 3

,impedance of 1.7 G. +8G+I ÷u±Qeg& o •o ÷

S2 +6 **

000 0 + 00 00_______________________

0 0

0 ___________o______ J as a'ucino odimeac ihte1

II /+ 0 +

0.2 / ZA +0 + o 0 o, AT PEAK LOAD PeOWER i
&+ O/ a0 + Io00kA 0<00kA e 5 <cm i kA a th7OkAii +/ '+•+: • 2 I Pig. 7. Switch gap calculated at peak power,

la assuming the switch is at critocal current,
i/peac as a function of load impedance with the a0

currentcm 40k, cathode. The gap is independent of
0 1 2 3 4 conduction current and, above the crit.cal

gap AT PEAK LOADPOWER ic ut v age is fixed to 2.5-3 s m.

s witckA + 1<6OekA o at65hkA ct1i70llA aesults w-th a 5 cmvliam Clthofe

Fig. 6. Peak load power versus load
impedance with the 10 cmdiam cathode. Data from a Hawk shot wothithe 5 cm cathode
Maxemum power is delivered to a load in the standard cionwith are shown in
operating at the critical impedance with -t Fig. c. The switch conducts for 0.7 ps and
* s conduction times. opens in 20 ns, delivering 80% of the

current, 400 kA, to the load. There is about
vcti00 kA of residual switch current. The

The switch gap at peak power is calculated voltage generated on this shot is 1.2 MV,
assuming the switch operates at the critical well above the -900 kV voltage limit of thecurrent for magnetic insulation, Ic = 10 cm cathode. The peak load power is 0.5 TW
1.6x8500c7r/D, where IC is the generator and 40 kJ is coupled into the load. Optimum
itcurrent, r is the cathode radius, D is the switch opening with a 5 cm cathode occurs for
gap between the plasma and the cathode (or -0.75 ns conduction with a -1.6 ms plasma
cathode plasma), and 1.6 is an empirical delay, also the delay for best opening with
factor. The switch Sap at peak power is the 10 cm cathode. To conduct longer thanplotted versus load impedance, Zjý, at peak this requires a large increase in plasma

gpower in Fic . 7. At a given loa impedance, delay. (A similarly large increase is
the gap is independent of conduction current. necessary to conduct beyond 1 ps with the a0
The voltage increases with conduction current cm cathode.) The poorer switch opening
such that the gap size, at a given load observed with these much longer plasma delays
impedance, is the same for different could be due to a small gap in the higherI conduction currents. The gap is 2.5-? mm, density switch and not a consequence of load-

independent of Zhatfor ZL > 1.7 0. .r ZL < limited operation.
1.7 0, the calcu ed gap decreases as Zl
decreases to zero. The calculation may be
misleading in this case, because the switch 800 1600
voltage is limited by the load; the switch S000 0.T9N 20 1606
gap could still be 2.5-3 mm. This data W

analysis gives a physical picture of the Hawk 600POS: at peak power the switch acts like a A- .i*---v0

magnetically insulated transmission line F 8 Cat for a0

(MITL) operating at critical current with an 65o o n t Sh ceffective electrode gap of 2.5-3 mm. 400 8o0 4
Important implications of this fixed gap size
model include a voltage limit as the load 300 600
impedance is increased and a load impedance2040I formaximum load power (data shown above).I .o

The current that is lost operating above the c1.7 a critical impedance appears to be mainly 020
electron loss. It occurs in regions where 0 0

ithe plasma density is zero and from x-ray
pinhole pictures as well as observation of, , , ,
physical damage the loss is at the outer 000 0.30 060 09 0 0
conductor (anode). Higher power would be

possible if the gap size could be increased T* 5( the electrode gap in the POS is 2 cm), or if
the magnetic field could be increased at the Fig, 8. Current and voltage data for a 0.7
same gap size. The latter approach was ps conduction time P0S shot with a 5 cm diem
investigated by decreasing the center cathode in the standard configuration.Iconductor radius.
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Load voltages as high as 1.7 MV have been In Fig. 11 voltage generated with four
generated with the 5 cm cathode, a factor of different cathode diameters is plotted vs.
2 higher than the best 10 cm cathode shots cathode magnetic field. Lines of constant
and 2.7 times higher than the erected Marx switch gap, D, calculated from the critical
voltage. The data indicate gap opening rates current formula are also shown. The data
up to dD/dt = 107 cm/sec. show the voltage increase possible as the

magnetic field increases, with the switch gap

The relationship between voltage and load remaining constant at 2.5-3 mm. This happens
impedance for numerous shots with the 5 cm as the conducted current is increased, up to
cathode is shown in Fig. 9. Similar to the a 1 ps conduction time with the 10 cm cathode
results using the 10 cm cathode, there is a and 0.75 ps conduction time with the 5 cm
critical or optimum impedance, here 3.5 n. cathode, or as the cathode radius is
Below this value the voltage depends on decreased. Moving vertically down on this
impedance; above it the voltage is limited graph is in the direction of decreasing load
for a given conducted current. For -0.75 ps impedance. Data points below the D=2.5 mm I
conduction, this limit is 1.5-1.7 MV. curve are in the load limited regime. The

five shots with the 2.5 cm diam cathode were
in the standard configuration with enough JxB

2000 plasma accelerated to the load to
5: /consistently be in the load limited regime.

16 / - - - - - + - - - - -

..lsoo / + 0 +0 i Higher voltage and power could be achieved
40 +0+0+0+ ÷ a if the gap size can be increased, preferably

D + + with the 10 cm or larger diam cathode which
8 0 0 a * can readily conduct the full 1-ps currentT1O00 + a 8o Cu pulse.

5 / A l l switch limited /.oc l 0o5>

o • / "-'" " " -- " ' o " "o"

10 i /0D

Z, AT PEAK LOA OE 0 0~A

01<450kA 0 1<55OkA A j<620HA /-

Fig. 9. Peak voltage as a function of load + +. '" \1.
impedance with the 5 cm diam cathode. ove
a critical impedance, -3.5 0, the voltage is -
constant for a given conduction current. 0 20 40 6 80

In Fig. 10 the calculated switch gap is B, (kG) I
shown as a function of load impedance for the
5 cm cathode shots. The switch gap is 2.5-3 + 10 CM a 5 CM 0 2.5 cM 0 23.5 CM
nu, for Zh > 3.5 0, the same gap size as the OVjJiA C AAJ

i0 cm cathode shots. The larger magnetic F
field associated with the smaller radius Fig. 1i. Maximum voltage fenerated as a
cathode allows a larger voltage to exist different cathode diameters. Here the
across the gap at peak power (critical critical cathode iame tes ways tocuret)iboeihc35alriiclcurrent model indicates ways toII
current). Above the 3.5 0 critical increase switch voltage.
impedance, current is shunted into the
transition section, the losses occurring well
downstream of the switch, where the plasma Summary and Future Work
density is zero.

High power pulses have been generated on
5 . , the Hawk generator at NRL using a 0.75-1 ps

conduction time POS. Peak load powers of 0.5
D1.6*85000v r/I TW with 20 ns risetimes were achieved with

4 0.75 ps conduction times using a 5 cm diam
0 cathode. Typically, 40 kJ was coupled into

0 4- a the -- beam diode, which represents an energy
3 + + 0 ++ + efficiency of 20%.

S0 o, + ++ 0 The data indicate that an effective gap of

o: 2° 0÷ 2.5-3 mn was produced in the switch. This
0 %o0 ultimately limits the voltage and determines

an optimum load impedance for maximum load
power. The gap is independent of conducted
current, center conductor radius, and the
load impedance, at least above the critical

01 'impedance. Increasing the conducted current
0 2 4 6 8 10 (up to a limit) or decreasing the cathode

radius increases the voltage consistent with
Z, AT PEAK LOAD POWER ( a fixed gap. In particular, the voltage

o I<40OkA + 1<450kA 0 I<55kA A I620CUA increases from 0.9 MV to 1.7 MV when the
cathode diameter was decreased from 10 cm to

Fig. 10. Calculated switch gap at peak power 5 cm.
versus load impedance with the 5 cm diam
cathode. The gap is fixed to 2.5-3 mm above
the critical impedance.
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Higher power could be achieved if the
switch gap size can be increased. One
ossibility is to use a controlledplasma-

filled diode (PFD) decoupled from the
switch. 4 Preliminary results on Hawk with
the 5 cm diam cathode suggest peak load
powers up to 1.7 times higher using such a
PFD in conjunction with a POS for short
conduction times of 0.4 ps. A second
possibility is to use a hydrogen plasma
source in place of the carbon flashboard
sources for the POS. Experiments5 have
s hown higher voltages and powers (presumably
larger switch gaps) are generated with a
hydrogen POS.
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This paper presents data and analyses from which emerges a physical picture of microsecond-
conduction-time plasma opening switch operation. During conduction, a broad current
channel penetrates axially through the plasma, moving it toward the load. Op.ning occurs

when the current channel reaches the load end of the plasma, far from the load.
During conduction, the axial line density in the interelectrode region is reduced from its
value with no current conduction as a result of radial hydrodynamic forces associated with the
current channel. A factor of 20 reducticn is observed at opening in a small, localized
region between the electrodes. When open, the switch plasma behaves like a section of
magnetically insulated transmission line with an effective gap of 2 to 3 mm. Increasing
the magnetic field in this gap by 50% results in an improvement of S0% in the peak load
voltage and load current rise time, to 1.2 MV and 20 nsec, respectively. An erosion
opening mechanism explains the inferred gap growth rate using the reduced line density at
opening. Improved switch performance results when the maximum gap size is increasedby using a rising load impedance.

I. INTRODUCTION flow is interrupted, i.e., the switch opens, and the current is
transferred to the load.

Pulsed-power generators produce electrical power The first POS studies were done at relatively short
pulses of 1012 to 1014 W with < 100 nsec duration. These conduction times of < 100 nsec. In this application, a POS

i pulses are generally used to drive loads, such as intense was used on a conventional, capacitive pulsed-power gen-
electron- and ion-beam diodes (for inertial confinement crator, retrofitted with a small inductive-storage section, to
fusion, flash radiography, and matter interaction studies), reduce the current rise time and to increase the power

I and high-density Z pinches (for fusion and high-energy- above the generator matched-load output power. 1-19 The
density plasma research). The power conditioning required POS proved successful in this application, with reported
to produce such high-power pulses can be accomplished increases of 2.7 in voltage (to 4.6 MV) and 2.4 in power
through several approaches.' Typically, electric field en- (to 3.6 TW) above the ideal matched-load values.2.21

ergy is stored in a capacitor and switched to the load Shortly thereafter, experiments in Russian and the UniteA
through a closing switch. An alternative, developmental States23 demonstrated the potential for a POS to oaWte at
approach employs magnetic field energy stored in an in- conduction times of I lisec. Vo!tage increa,-" 2 4 of three

S ductor. The stored energy is transferred to the load using to five times the initial voltage on the capacitor bank and
an opening switch. The inductive approach has the poten- pulse compressions24, of 20 te 30 (also see the results in
tial for smaller, less complex systems' because the stored Fig. 8) have been reportd. As is well known,' the inherent

i energy density for inductive systems, where energy density advantages of ind,:,4ve storage can be more fully exploited
is limited by mechanical strength, can be much higher than if the condi-.aon time can be increased while maintair-ing
for capacitive systems, where energy density is limited by the same opening behavior. Results and analyses of
dielectric strength. Inductive systems, however, require a microsecond-conduction-time POS (hereafter denoted 1
vacuum opening switch that can conduct current long lisec POS) experiments continue to be reported.1',10 '236

enough to energize an inductor and then di,':rt the current This paper will review past experiments and present new
to the load in a time short compared with the required data and analyses aimed at characterizing and understand-E pulse width, while withstanding tme ensuing high voltage ing the behavior of a I p.sec POS plasma.
with little or no residual current flowing in the opening Measurements to characterize the conduction and
switch. A plasma opening switch (POS) uses a plasma opening phases of a 1 psec POS in coaxial geometry have

I injected in vacuum between the electrodes of a pulsed- been carried out at the 0.5 MA, I MV level. Analysis of
power generator to conduct current while an inductor is these measurements suggest a physical picture of the POS
energized. At the end of the conduction phase the current plasma behavior. During conduction, a current channel
_ _ _penetrates axially through the plasma, moving the POS

SPaper 914. Bull. Am. Phys. Soc. 36, 72482 (1991). plasma toward the load. This channel is azimuthally sym-

-lnvited speaker. metric, predominately radial, and broad relative to the col-
'1Pcrmanent address: Jaycor, Inc.. Vienna. Virginia 22182. lisionlcss skin depth. Opening occurs when the current
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channel r. aches a position neat the load cnd of t(ie POS, "I ,
contrast to the current being convected to the ioad. Almost
identical observations have been made for a POS operating _ I\
at < 100 nsec conductiorn times.'" 3  The I lisec POS"JK'Cn ' ,jco.o tiie

plasma density integrated along an axial line of sight (the ID

line density) between the electrodes is reduced during con-
duction from the measured value with no current conduc- -t_ b ta r

tion. A factor of 20 reduction is observed at opening in a a _ ntedeowvy

small (relative to the electrode separation) portion of the catrume ,Zo ->

interelectrode region. These observations suggest that hy- d1 sole or stoi

drodynamic forces associated with the conducted current cx -" t low

act to reduce the line density by displacing the plasma in * p 23

the radial direction. The current conducted by the plasma I .
scales less than linearly with plasma density. This contrasts
with results from < 100 nsec conduction-time experiments
where hydrodynamic forces are not expected to be signifi-
cant and the conducted current scales linearly with

density.-'3 FIG. 1. Drawing of the Hawk vacuum section illustrating the POS ge-
When the POS is open, the data suggest that the switch ometry and indicating the location of diagnostics. The diagnostics include

plasma behaves like a section of magnetically insulated generator and load current monitors, IG and It, magnetic probes, Faraday

transmission line with a maximum effective gap limited to cups, and HeNe laser interferometry; z=O defines the axial midplane of
the POS. The arrows in the conductors indicate the direction of the

2 to 3 mm over a wide range of load impedances, currents, cu-rent flow. I
POS cathode radii, and electrode separations. The size of
this gap determines the value'of the load impedance that
maximizes the load power. Experiments performed with a from the POS anode (outer conductor) to the cathode and
reduced radius for the POS center conductor resulted in a magnetic energy storage in the system inductanceI. When
50% increase in the peak load voltage, to 1.2 MV and a the POS opens, current is diverted from the POS to an
50% decrease in the load current rise time, to 20 nsee. The e-beam or short-circuit (inductive) load. Cathode radii,
aloed magnetic field associated with the smaller radius Ro of 5 cm and 2.5 cm have been used. Unless otherwise 3
allowed insulation at higher voltage. Assuming plasma noted, the anode radius is 7 cm in the POS region and 9 cm
erosionZ'4,6,9,t°'2zA5,J (dynamic sheath expansion resulting in the region between the POS and e-beam diode load.
from space-charge effects) controls the gap growth, the Thus for Rc= 5cm (Rc = 2.5 cm), the vacuum transmis-
inferred gap growth rate is explained using the reduced line sion line impedance is 20 1 (62 fl) in the POS region, and U
density observed at opening. Preliminary results at low is 35 f1 (77 fl) in the region between the POS and the load.
power suggest that an electron-beam (e-beam) load whose Voltage, VD, is measured with a capacitive voltage divider
impedance initially rises with time, as opposed to the usual on the oil side of the vacuum insulator (not shown). The
falling impedance, can result in a larger gap and up to a current, IC, on the generator (upstream) side of the POS is
factor of 1.5 increase in load power. measured by averaging four magnetic probes located near

The experimental setup and diagnostics are described the vacuum insulator and separated in azimuth by 90%.
in Sec- 11. . he experiments were performed on the Hawk Two shielded magnetic probes located on the load (down-
generator. Diagn~tics include magnetic field probes and stream) side of the POS and separaied in azimuth by 180(
HeNe laser interferomc y., The results of measurements are averaged to measure the load current IL. From the
and analyses of the conductionA Dhase and the opened state axial midplane of the POS, the inductance to the capacitive
are presented in Sec. III. In Sec. IV, the opening process is voltage monitor is Lv = 75 nH and the inductance to the
discussed and the gap growth rate is estimated assuming an load is LL = 30 nH (55 nH) for A, = 5 cm (2.5 cm). From
erosion model and using the reduced line density obtained these measured parameters, other useful quantities are cal-
from interferometry. The results are summarized in Sec. v. culated to analyze the switch performanc including switch

I. EXPERIMENTAL SETUP AND DIAGNOSTICS current ISW = IG - IL, switch vohage Vsw = VD
- Lvdlc/di, load voltage Va = 1 /, w - LL dIl/dt, load

The Hawk pu!sed-power generator comprises a 600 nH power PL = VLI., and load impedance ZL = VL,/IL.-
Marx bank 39 and a POS. At the normal output voltage of The source for the POS plasma is an array of 18
640 kV, the Marx stores 225 kJ.'It delivers a sinusoidal flashboards,1'0 29'40 each having six parallel rows of 20 gaps. 3
current pulse of 720 kA peak amplitude and 1.2 .lsec quar- Each flashboard is connected to a 0.6 pF capacitor charged
ter period to the POS. Figure 1 is an illustration of the to 25 kV. The current driving the flashboard reaches 30 kA
vacuum section of Hawk, showing the POS coaxial gecm- in 0.5 lisec, producing a predominantly doubly ionized car-
etry and the diagnostics used to characterize the POS bon plasma°'0 29 that is injected into the POS interelectrode
plasma. The axial midplane of the POS defines z=0. Ap- region. The flashboards are located 12.5 cm (15 cm) from
plication of negative high voltage from the Marx at the the POS cathode for Rc = 5 cm (2.5 cm)./L
POS cathode (center conductor) results in current flow Shown in Fig. I are typical locations of magnetic
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FIG. 3. Axial distribution of current for various times on a Hawk shot.
The plasma injection aperture is 8 cm wide; z=O defines the -xial mid-

FIG. 2. Time history of the generator current lo, load current Ib and plane of the POS. The radius of the center conductor is 5 cm.
load voltage Vb, for Hawk shot 56 with a 5 cm radius center conductor.
Peak power for this shot is 0.4 TW.

A. Conduction phase

probes to characterize the current evolution in the POS The axial distribution of current at different times dur-
plasma. Both axial and radial arrays have been fielded. The ing the operation of the POS on Hawk is shown in Fig. 3.

i probe loops are =3 mm in diameter, have an estimated These data were obtained with an array of magnetic probes
subnanosecond response time, and have been calibrated in located at ten axial positions, radially midway between the
situ on a shot with no POS plasma. The line of sight for the POS cathode and anode.31 ,,he axial location of the POS
HeNe laser interferometer is also depicted in Fig. 1. This plasma injection aperture is noted on Fig. 3, with z=O the

u measuremente gives the electron line density in the axial axial midplane of the POS. The data in Fig. 3 suggest that
.direction, fn dz, during a Hawk shot. The radial spatial injected plasma extends upstream and downstream of this
resolution is 1 mm. The phase associated with plasma den- aperture. The probe signals are integrated to give the azi-
sity is measured to a precision of +0.5' using a heterodyne muthal component of the magnetic field, B& directly.
technique. However, various noise sources during opening Other measurements demonstrate that Be is azimuthally
result in a maximum phase error (at that time) of h 3', or symmetric, so the current flowing under any probe is pro-

I loss than = 3)X l0X1 cm- 2 of line density. Negatively bi- portional to the product of B0 and the measurement radius.
ased charge collectors (Faraday cups) are placed behind Several observations can be made from the data in Fig.
small apertures in the center conductor and in the load 3. The current channel width is comparable with the injec-
anode plate (see Fig. 1) to detect ions moving radially or tion aperture size of 8 cm. This width is very large relative
axially, respectively, from the POS plasma. A small frac- to the classical collisionless skin depth, c where c is
tion of the POS plasma density ( - 1%, as detected by the the speed of light and co, is the electron plasma frequency.
axially viewing Faraday cup) can reach the load as a result A typical plasma density obtained from HeNe laser inter-U of the initial plasma injection and axial JXB forces. In ferometry (see below) of 5 X l015 cm-3 results in an
some cases, the distance between the POS and load has upper bound for c/lo of about 10-2 cm. Current flow
been extended from 25 to 40 cm to reduce this density. through the plasma is interrupted, and current is diverted

Typical data traces for IG(t), IL(t). arid VL(t) with to the load, i.e., opening occurs, when the current channel
Rc = 5 cm are shown in Fig. 2. The flashboacd sources are reaches a position near the load end of the initial location
fired 1.5 psec before the initiation of current flow in the of the plasma. That is, the current flow is interrupted lo-

POS plasma. The switch conducts for 0.9 /lsec before open- cally, in the region of the POS. This is in sharp contrast to
ing. The 10%-90% load current rise time is 40 nsec with the plasma flow switch,'42 where the current channel is con-
80% of IG (500 kA) flowing in the load at the time of peak vected past the load by an axially moving plasma. At the
I VL. Peak VL is 770 kV and occurs at the same time as peak time of opering, one can infer that the POS plasma center

i load power, which is 0.4 TW for the shot in Fig. 2. The of mass has been displaced toward the load a distance
load power pulse has a full width at half-maximum of 85 equal to about half the injection aperture size, or about 4
nsec. About 35 kJ is delivered to the load in 100 nsec. For cm, assuming the position of the center of the current
this configuration, typical values for the peak load voltage channel is approximately the same as the POS plasma cen-
vary between 750 and 900 kV. ter of mass. Other measurements have shown that during

Ill. RESULTS Oconduction, the current in the POS plasma flows predom-Ill.RESLTSOF EASREMETS ND NALSES inantly in the radial direction. Almost identical obseiva-

In this section, data and analyses are presented for tions have been made for a POS operating at <100 nsec
times during the conduction phase and at the time of peak conduction times.10' 37 Various mechanisms, for both short
load power. The opening process is discussed in Sec. IV. and long conduction times, have been proposed to explain
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FIG. 4. Measured line densities for a Hawk shot with Rc - 5 cm, where FIG. 5. Conducted current at the timc of opening, 4swr'c), as a function
the POS conducted current, and for a test case, where the flashboards of the effective density during conduction, no The curve is a power-law 1
were fired with no current conduction. Also shown are the generator fit. The nlasma injection aperture is 8 cm wide.

current I, and load current 1L as functions of time for the Hawk shot. !
the rate of axial peaetration and width of the current direction, toward the POS anode and cathode, as a result of
char-el.7-'0 ,3 6'8 28 37.43-5 3 A discussion of these processes is hydrodynamic forces assiated with the penetrating cur-beyond the scope of this paper.o,, rent channel. A small departure from purely radial current IThe electron liofe dersity, Sn dz, measured 1.5 cm from flow, on the order ofJ/J, - Ar/2.1 -_ 10%, could provide aThe lctron Radiu a ders, fn daw, measured sho as frntom radial JXB force sufficient to explain these results. Here,
the 5 cm.n radius cathode on hawk, is shown as a function J J)i h xa rda)cmoeto h odceof time in Fig. 4 for two cases:34 (1) a Hawk shot where J, (I,) is the axial (radial) component of the conducted
the POS plasma conducted the Hawk current, and (2) a current density, Ar is the distance between the POS anode 1
test case where the flashboard sources were fired without and cathode, and 10 is the initial POS plasma length (ap-

the P03 plasma conducting any current. Also shown are proximately equal to the injection aperture size). The mag-

the generator and load current waveforms for the case netic probe array does not have the resolution to detect

where the POS conducted current. The line densities for such a variation from purely radial flow. A lower density

the two cases agree until 0.45 psec, at which time the iine plasma is presumably left behind the leading edge of the

density for the Hawk shot begins to decrease while the line penetrating current to support the observed broad channel.

density for the flashboard only case continues to increase. To observe trends and make comparisons with < 100
Assuming an 8 cm plasma length (the injection aperture nsec conduction time data, we identify a density that char-"
size), the average density over the line of sight at 0.45/zsec acterizes the conducting plasma. A reasonable choice for I
is 5 X i 0z) CM-3. Ile line density on the Hawk shot this effective density, no during conduction on Hawk is the

decreases rapidly prior to the time of opening, and during peak line density near the midpoint between the POS dec-

opening it is below the minimum detectable level of about trodes divided by 10 = 8 cm, e.g., nc = 5.2 X 10w' cm- at
3 X 1015 cm- 2. This is over a factor of 10 lower than the 0.05la secin Fig. 4. The conducted current at the time of

peak value during conduction, 4 X 1016 cm- 2, and at least opening, Isw(,rc), where -rc is the conduction time, ih plot-

a factor of 20 lower than the line density for Ele flashboa-d ted as a function of nc in Fig. 5. The best fit power law to

only case at the equivalent time, 6 X 1011, cm-2 . Data the data is Isw(-rc) o n" 4 . This behavior contrasts short-

obtained at other radial locations show similar behavior to conduction time results from experiments performed on
those shown in Fig. 4, but with a higher minimum line the Gamble I1 capacitive generator at a 50 nsec conduc-

thos !hwn n Fg. , bt wih ahiger inium ine tion time,"5.3 collisional particle-in-cell (PIC) codedensity. At the time of opening, the average line density t 6.910time,,1 andltheionaolarcodti-n- ode,37
over the centr, 1.2 cm radial region of the 2 cm electrode calculations, and the bipolar conduction model,'
separatioi. is about 1.5 X 1016 cm-2.34 which all indicate that the conducted current scales lin-

These data, along with the current distribution data in early with the density.

Fig. 3, suggest a physical picture for the conducting This difference can be reconciled by considering the

plasma. A broad current channel penetrates the POS displacement during conduction of the center of mass of a

plasma in the axial direction and moves the bulk of the radially thin annulus of switch plasma near the POS

POS plas-ia axially toward the load. The POS opens when cathode.25 '30 This displacement depends on the plasma
massadmgeiprsueisidpnetothcrrt

the center of the current channel reaches a position near s and magnetic pressure, is independent of the current

the lead end of the POS region. The Be field associated distribution and the plasma density distribution, and can

with the current channel apparently inhibits plasma from be approximated by

the flashboard source from flowing into the POS interelec-
trode region. During this time, the POS plasma line density Az(t) = &o f .d(t")dt-, (1
is reduced because of plasma displacement in the radial T fic . 0
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I where Z is the ion charge state, yo is the permeability of
free space, and Mi is the ion mass. It has been assumed that ooo -0. .I the time dependence of the density can be accounted for by w

using nc outside the integral. We assume that hydrody- S- 0oo L-
namics is important in understanding the conduction phase 0
plhysics if Az approaches V/2 for times r 'c. That is, under >

these conditions the plasma center of mass moves to the /
downstream edge of the POS and hydrodynamic forces - 400 •----- 00 -.
have a chance to alter the plasma distribution during the z 0 0
conduction phase. For the Hawk shot of Fig. 4, Az.4 cc. w --h

rD 200 load switch
cm = 1o/2. A similar calculation for the short-conduction- ! ' limited limited
time POS Gamble I experiments25'3 results in Az<a o _i_.. . . . ...I 1/50. Accordingly, one could expect hydrodynamics to 0 0 1 2 3
change the conduction current sealing with density in the 1
psec POS Hawk experiments compared with the short- zL o
conduction-time POS experiments on Gamble I.

A simple relationship that may be useful for scaling FIG. 6. Plot of peak load voltage, VL( = Vsw), and peak load current
purposes can be derived by setting Az = 1o/2, t = To and IL, as . function of load impedance, Zb at the time of peak load power.
by assuming the current increases linearly with time, The vertical dashed line is a guide to separate the load limited from theS IG(t) = kt (where k is a constant), in Eq. (1). This results switch limited regime. The critical impedance is Z4L -, 1.5 fl and
in the following expression for Isw(,rc): Isw(rc) is 635 kA.±25 kA.

Isw((rc) - (48ir 2Minc/Zpo) ''4 (Ro0k) 1. (2)
* ttion, IL c- ZjJ'. The remaining load current is observed to

The scaling of lsw('tc) with nc in Eq. (2) is inagreement flow in the POS and between the POS and the load. This is
with the results of Fig. 5. Physicaily, this implies that for called the switch limited regime because VL = Vsw is inde-
the Hawk data, hydrodynamics can determine the rate of pendent of ZL. Maximum load power is observed when
penetration of the current channel and, tnus, the switching ZL is near 1.5 fl. Qualitatively similar behavior was ob-
point.2-'3°,33 While this may well be the case, a strict inter- tained for experiments performed at conduction times of
pretation of Eq. (2) does not elucidate the complicated < 100 nsec.10

pro"ses involved. The interferometer and magnetic probe The behavior illustrated in Fig. 6 can be understood
data presented in this section, as well as other observations from a simple physical picture. Assume a sheath region of
and analyses, suggest that a more complete understanding radial thickness D forms in the plasma. In this sheath,

* of the detailed mechanisms controlling the conduction large space-charge electric fields can exist, and the region
phase may require two-dimensional (2-D), time can serve as an effective gap for magnetic insulation5

5'-5 of
dependent theoretical studies that correctly account for electrons emitted from the cathode (or cathode plasma).

S electron emission, magnetically insulated electron flow, the Further assume that at peak power, this gap is always
spatial distribution of plasma density in the presence of about equal to the average electron gyroradius of an emit-
electrodes, axial and radial ion motion, and resistivity, ted electron in the magnetic field associated with I, i.e.,

the POS runs at the critical current for insulation,
I B. Opened state 'R.6'58'9 So at peak power, I,, VL.( = Vsw), and D are

B Orelated by
Data and analyses are now presented for the time at

which peak power is delivered to the load. The load volt- IG=IcR-l.6(2*rn/IOe)(• -l)(RoD), (3)
age, Vt, and load current, It., are plotted in Fig. 6 as a where m, is the electron rest mass, e is the electron charge,
function of the load impedance, Zt, all at the time of peak and y = I + eVdmec 2 is the ratio of the electron energyI load power PL. The time of peak PL is always very near the to its rest energy. The factor of 1.6 is used to obtain agree-
time of peak Vt, and at that time dlddt = 0 (see Fig. 2), ment with PIC code computations and approximately ac-
so VL = Vsw. For these data, the conducted current, counts for geometric and ion space-charge effects.0 We
Isw(rc), is 635 kA with a standard deviation of 25 kA. have assumed that the electrons are emitted near the POS' The curves in Fig. 6 are linear fits to the data; except for cathode and that D is small relative to RC, In general, the
the IL data to the right of the vertical dashed line, which is gap may be located anywhere in the POS interelectrode
a power law fit. The data can be grouped into two regimes. region.I To the left of the dashed vertical line, which serves as a The effective gap, D, obtained from Eq. (3), is plotted
guide to separate these regimes, increasing ZL results in against ZL in Fig. 7 at the time of peak load power, for a
proportionately higher VL, while 'L is approximately con- range of IG at peak load power (including the data in Fig.i stant. This is called the load limited regime because VL 6). In the load limited regime-ZL less thln about 1.5
cc ZL. To the right of this line, the load voltage remains fn-D varies nearly linearly with Z4 and is la, ge enough to
relatively constant, independent of ZL, and as ZL increases be magnetically insulated. Thus, IL = IG and VL cc ZL as in
beyond about 1.5 fl, I1. decreases. To a good approxima- the left-hand portion of Fig. 6. In this load limited case,
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FIG. 7. The effective gap for magnetic insulation, D, as a function of load load voltage V1, for Hawk shot 366 with a 2.3 cm radius cathode. The
impedance, Z& at the time of peak load power. Data are shown for peak load voltage amplitude and load current rise time are improved by

various values of the generator current, Io, at the time of peak load power:. z5O% over the shot illustrated in Fig. 2, where Rc = 5 cm. The peak
,10 4<500kA+,+500kA < G<600kA;(0,600kA <g <650kA, power for this shot is 0.5 TW.

650 kA < IG < 700 kA. The vertical dashed line is a guide to separate the
load limited from the switch limited regimes. The critical impedance is

S= 1. 5 ft. voltage in Fig. 2, and well above the 900 kV voltage limit
for the 5 cm radius cathode. Measurements of bremsstrah-

D, calculated from Eq. (3) and displayed in Fig. 7, is a lung from the load using filtered scintillator-photodiode
lower bound because the data in Fig. 6 would display the detectors are consistent with higher voltage in the 2.5 cm
same trend if D were larger. On the other hand, the data in radius case. The conducted current at optimum perfor-
Fig..6 indicate that less than 100% of the conducted cur- mance is reduced from 650 kA (with the Rc = 5 cm) to
rent reaches the load, which suggests that D is not larger 500 kA, so only a 25% increase in peak power is obtained,
than that shown in Fig. 7. In the switch limited regime-- up to 0.5 TW. In this case, IdcRc increased about a factor
ZL greater than about 1.5 fl-D is independent of Zt and of 1.5 but the limiting value of D remained the same, 2 to
limited to about 2.5 mm, with remarkably little variation. 3 mm, compared with the Rc = 5 cm case. The higher mag-
In this regime, D is limited to a maximum size and the netic field provided insulation at the higher voltage. Note
effective gap is no longer fully insulated. According to Eq. that the calculated D for Rc = 2.5 cm exhibits the same
(3), the voltage is limited by this maximum D. Thus, the behavior as shown in Fig. 7 for Rc = 5 cm, except that
voltage is clamped by the maximum D and the load current Z4L increases to 3 fl.
is reduced as ZT 1, as seen in Fig. 6. This maximum D also For the data in Fig. 8, the anode radii in the POS
determines the value of ZL for which PL is maximum. region and downstream of the POS remained the same as
Maximum load power results when ZL = Z4L, the largest the Rc = 5 cm case (7 and 9 cm, respectively), thus in-
value of ZL for which the maximum D is insulated. From creasing the electrode separation in the two regions an
the data in Figs. 6 and 7, Z4* = 1.5 fl. For both switch and additional 2.5 cm. Experiments in which both anode radii
load limited regimes, the value of D at a given ZL appears were reduced to give the same electrode separations as the
to be independent of conduction current, as can be seen Rc = 5 cm case yielded similar results to those shown in
from the data plotted in Fig. 7 for different values of IG at Fig. 8, with the same inferred gap.
peak load power. The data in Figs. 6 and 7 suggest that Characterizing and understanding the mechanisms re-
higher voltages will be attained if the transition to the sponsible for the 2 to 3 mm limited gap size in these ex-
switch limited regime can be extended to larger D. The periments, independent of the load impedance at peak
trends illustrated in Fig. 6 were also observed on short- power, conducted current, cathode radius, and POS elec-
conduction-time experiments,' 0 where inferred effective trode separation requires further experimental and theoret-
gaps of 5 to 8 mm were reported.6  ical study.

To explore the effect of a higher magnetic field on the The magnetic insulation picture can be summarized by
POS operation, the POS cathode radius was reduced. Im- using Eq. (3) to obtain the maximum voltage at which
proved performance was obtained on Hawk with Rc insulation can occur for a given gap. This voltage is shown
= 2.5 cm and an e-beam diode load, as seen in Fig. 8. The in Fig. 9 as a function of IC,/Rc for several values of D. The
POS plasma conducts current for 0.7 psec and opens in 20 shaded areas indicate the range bf typical load voltage data
nsec, delivering 80% of the current (400 kA) to the load. from Hawk with 5 and 2.5 cm radius cathodes. At a given
The opening time is a factor of 2 less than that observed c,/RC, the lower voltage data are from shots where ZL
with the 5 cm radius cathode. The peak voltage generated < Z4L (load limited regime), while the higher voltages are
on this shot is 1.2 MV, a factor of 1.5 increase over the from shots where ZL > 4 (maximum power or switch lim-
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3 1./m From Fig 4, an upper bound for the line density during
opening is 3 X 101 cm 2 , based on measurement accuracy

D=o 5cm D 0 (see Sec. II). Using this value for the line density in Eq.3 Di/? " cm" (4) with Rc = 5 cm and assuming v, 0 yields dD/dt>60" cm/lisec ifI, > 0.151G. Measurements of1, using negatively
mdbiased Faraday cups inside the P0S cathode 3' and nuclear

- - activation 62 suggest that 1, ranges from 0 .31G to 0.51G dur-
- -. ing opening. If the line density for the flashboard only case

< cc at the equivalent time of opening (6 X 10 16 cm-2 in Fig
/ -0.1 cm 4) is used in Eq. (4), 1i > 3 1

G for dD/dt>6 cm/psec. Thus,
0 = 5 cm data 5 the reduction in line density resulting from hydrodynamic

0 100 200 300 400 forces during conduction allows for rapid gap growth from
R (erosion,

34 as suggested in Ref. 25. While this model is use-
tcIRc (kAlcm) ful for developing an intuitive understanding of the open-

ing process, a more complete understanding should rsult

FIG. 9. Plot of maximum voltage for which magnetic insulation can from time-dependent, 2-D studies that correctly account
occur, from Eq. (3), as a function of the ratio of generator current at peak for electron and ion space charge in the gap. References 33
load power, Io to cathode radius, Ro for various values of the effective and 63 develop an alternate treatment for gap evolution
gap, D. Also shown are regions representing load voltage data from Hawk that assumes a magnetic pushing model.
with both 5 and 2.5 cm radius cathodes. The final magnitude of D limits the ultimate load

power. Recent Russian work suggests that higher voltage,

ited regime). Increasing I1c_'C at fixed D extends the P0S presumably because of a larger D, results when a hydrogen
tam(instead of a carbon) plasma is used for the POS.64 An-

performance to higher voltage. Hydrodynamic displace- other effect that may limit D is the time history of the loadment and practical inductance constraints will eventually impedance. PIC code simulations of the P0S suggests that
limit the minimum value of R, Increasing IG will require a larger D may result if the electron flow can be more easily
a higher P05 plasma density (see Fig. 5), as well as the insulated during the initial stages of the opening process.
compensating line density reduction illustrated in Fig. 4 to This may occur, for example, if the initial impedance of the
recover rapid opening. Clearly, increasing D at the same e-beam diode load is small, as in a plasma-filled diode
Ic/Rc will also result in higher voltage. Identifying meth- (PFD)..5- 7 Preliminary experiments to investigate this
ods to increase D is a subject for future investigation (see hypothesis were carried out on Hawk at low power. For
below), these experiments, Rc = 2.5 cm, the P0S to load distance

has been extended from 25 cm (see Fig. 1) to 40 cm to
iV. DISCUSSION OF P0S OPENING PROCESS prevent P0S plasma from reaching the load (see Sec. II),

The transition between the conduction phase and the and the PFD plasma is injected from the e-beam anode to

sttc at the time of peak load power is the least well un- the e-beam cathode along the axis. The results are given in

derstood aspect of P0S physics. We propose a model for Fig. 10. In Fig. 10(a), the load impedance time history for
this process where at the end of the conduction phase, the usual e-beam diode is compared with that of a PFD
current is conducted in a space-charge-limited bipolar case. The impedance for the PFD case increases from zero

fashion61 across a relatively small gap or sheath. The gap and then decreases, overlaying the non-PFD impedance.

grows when the ion current collected at the cathode ex- This PFD impedance bein?,i, is presumed to be ; result of
ceeds the radially directed ion flux associated with the in- the same erosion process postulated to occur in the P0S
jected P0S plasma. This is the so-called plasma.65 The load power for these two cases is plotted in

erosion2,4 ,
6
,
9

,10.
2

1Z,
3 process. The rate at which the gap Fig. 10(b). The load power for the PFD case is up to a

grows determines the opening time, and its final size deter- factor of 1.5 higher as a result of nearly equal increases in

mines 4L, the optimum load impedance for maximum load VL and 'L. In this case, D calculated using Eq. (3) is 4.8
power. mm, compared with 3.4 mm for the non-PFD case. While

The rate for erosion-driven gap growth is approxi- these results are preliminary, they suggest that a load im-

mately given by6'9 10'25' 38  pedance that increases from zero can result in a larger gap,
leading to improved POS performance.

d Dti2RCefnd (4) V. SUMMARY AND CONCLUSION

where I, is the total ion current collected at the P0S cath- The P0S has demonstrated both the ability to enhance
ode and vi is the radially directed component of the ion the power output of conventional pulsed-power generators
velocity entering the gap. An average value for dD/dt of 6 at conduction times < 100 nsec and the performance re-
cm/psec is inferred from the calculated effective gap size of quired to make it a key element in inductive pulsed-power
2.5 mm (see Fig. 8) divided by the measured opening time generators where the conduction time approaches I Iusec.
of 40 nsec (see Fig. 2). Estimating the gap growth rate Diagnostic measurements and analyses of a I psec P0S

from Eq. (4) requires knowledge of the line density. fn dz. suggest a physical picture for the P0S operý,ion. During
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2•0 i-tmpedance vanitic, gicitcr than thi% ciitical v.lue, the cffcc-
(a) ',tive gap is hinited to 2 to 3 mm over a wide range of load&-- NO PFD impedances, currents, POS cathode radii, and electrodeS 16 (SHOT 6 i4l spacings. A 50% increase in load voltage is observed when

w
12 the magnetic field in this gap is increased by 50%, while

Z 12 maintaining the same effective gap size. Estimates show,<
, "1that erosion can explain the gap opening rate because of

0. 8the reduced line density at the end of conduction. Results

from preliminary experiments indicate that the load im-
PFD 5 pedance time history influences the final gap size and re-0 4 (SHOT513

< sultant power delivery to the load. A 4.8 mm inferred gap
J _0 results from using a PFD, which allows the load imped-

0 ance to rise with time from zero, compared with 3.4 mm

1.inferred gap obtained by using a conventional e-beam di-
ode, where the load impedance falls with time from a high

TIME (ps) value. The load power is up to a factor 1.5 higher with the
PFD compared with the non-PFD case. Understanding the

evolution of the opening process and the detailed evupling
to the load is an important area for further investigation.

More detailed analyses are needed to more fully un-
0.20 derstand the physical mechanisms that govern the POS

(b) conduction and opening processes. These analyses should
0.16 be time dependent and two dimensional, and should cor-

(SHOT 513)) rectly account for electron emission, magnetically insu-

0.12 lated electron flow, POS plasma density spatial distribution
W in the presence of electrodes, axial and radial ion motion,

NO PFD resistivity, and electron and ion space charge.
O 0.08 (SHOT 514)\

0.04 ~ACKNOWLEDGMENTS 3
00 This work would not have been possible without the

O 0.00 expert assistance of J. R. Boiler and J. C. Kellogg. The
0.00 authors are indebted to J. Fields, R. Fisher, G. Longrie,

and B. Roberts for their outstanding technical expertise. 3
1.0 1.1 1.2 1.3 1.4 1.5 The authors also acknowledge the continuing support of

Dr. G. Cooperstein and useful discussions with the mem-
TIME (pa) bers of the Pulsed Power Physics Branch at the Naval

Research Laboratory.

FIG. 10. (a) Comparison of the load impedance as a function of time for 1G.
a case where plasma was independently injected into the e-beam load Cooperstein and P. F. Ottinger, Guest Editorial, IEEE Trans.
(PFD) with a case where no plasma was injected into the e-beara load Plasma SCi. PS-IS, 629 (1987). Note, this "Special Issue on Fast Open-
(NO PFD ). (b) Comparison of the load power as a function of time for ing Vacuum Switches," and the references therein, provides an excellent

a case where plasma was independently injected into the e-beam load compilation of (mostly short conduction time) experimental and theo-

(PFD) with a case where no plasma was injected into the c-beam load retical opening switch work.
(NO PFD). 2C. W. k.endel, Jr. and S. A. Goldstein, J. Appl Phys. 48, 1004 (1977).3R. Strin.td, R. Schneider, R. D. Genuario, I. Roth, K. Childers, C.

Stallings, and D. Dakin, J. Appl. Phys. 52, 1278 (1981); R. Stringfield,

conduction, a broad current channel penetrates the POS P. Sincerny, S.-L Wong, G. James, T. Peters, and C. Gilman, IEEE
Trans. Plasma Sci. PS-I1, 200 (1983).

plasma, moving the POS plasma axially toward the load. 'R. A. Mvleger, R. J. Commisso, G. Cooperstein, and S. A. Goldstein,

Radial hydrodynamic forces associated with this channel Appl. Phys. Leti. 42. 943 (1983).

reduce the axial line density through a large portion of the 5S. Miyamoto, A. Yoshinouchi, N. Yugami, K. Imasaki, S. Nakai, and

interelectrode region compared with the value the line den- C. Yamanaka, Jpn. J. Appl. Phys. 23, L109 (1984).
6P. F. Ottinger, S A. Goldstein, and R. A. Meger, J..Appl. Phys. 56, 774

sity would have if the P0S does not carry current. A factor (1984).

of 20 reduction in line density at opening is observed in a 7E. M. Waisman. P. G. Steen, D. E. Parks, and A. Wilson, AppI Phys

small (relative to the electrode separation) portion of this Lett. 46, 1045 (1985).

region. A simple analysis of conduction current scaling 11. M. Grossmann. P. F. Ottinger, J. M. Nen, and A. Drobot, Phys.
Fluids 29, 2724 (1986). -

suggest that, for the Hawk data, hydrodynamics deter- 9R. J. Commisso, G. Cooperstein, R. A. Meger, J. M Nefi, and P. F.

mines the rate of penetration of the magnetic field and, Ottinger, in Opening Switches, edited by A. Guenther, M. Kristiansen.
thus, the switching point, and T. Martin (Plenum. New York. 1987). p 149.

After conduction, a magnetic insulation model implies 'OB. V. Weber, R. J. Commisso. G. Cooperstein, 3. M. Grossmann. D. D.
Hinshelwood. D. Mosher, J. M. Neri. P. F. Ottinger. and S. J. Stepha-

that an effective gap in the plasma determines the load nakis, IEEE Trans. Plasma Sci. PS-I5, 635 (1987) and references

impedance that results in maximum load power. At load therein.

2375 PhyS Fluids 8. Vol 4. NO. 7. July 1992 Commisso et at. 2375

536



"11, Biuhn: K. liolinci. ,~OpM,* I U. Karow. and D. Rusch, IEEE 'ID. Parks, E. Waisman. and I. Kat7. Appl Phys LA. 19,.2808 191)
Trans. Plasma Sci PS-IS. 654 (1987) and references therein. "B. V. Weber, R. J. Commisso. R. A. Mcger,]1. M. Neri, W. F. Oliphant.

12C. Bruno, J. Delvaux. A. Nicolas. and M. Roche, IEEE Trans. Plasma and P. F. Ottinger. App!. Phys. Lett. 45. 1043 (1984).ISci. PS-IS, 686 (1987) and references therein. 31j. M. Grossmann. S. B. Swanekamp, and P. F. Ottinger, Phys. Fluids B
1
3S. Miyamoto. N. Yugami, K. Imasaki. S. Nakai, and C. Yamanaka, 4. 44 (0992).
IEEE Trans. Plasma Sci. PS.15. 667 (1987) and references therein 3

9 p. Sincerny. D. Drury.,]. Goycr. G. James, M. Krishnan, 3. Levine, C.
"A. 1. Arbozov, A. M. Bystritskii, Ya. E. Krasik, and A. A. Sine- McDonald, and 1. Roth, in Ref. 28, p. 275.
biyukhov. IEEE Trans. Plasma Sci. PS-IS. 674 (1987) and references 40D. G. Colombant and B V. Weber, IEEE Trans. Plasma Scii. PS-IS,

"therein. 741 (1987)
'IV. M. Bystntskii, Ya. E. Krasik, and A A. Sinebryukliov, IEEE Trans 41B. V. Weber and D D. Hinshelwood, to appear in Rev. Sci. Instrum

Plasma Sci. PS-15, 678 (1987). 42 p. J. Turchi, M. L Alme, G. Bird, C N Boyer, S. K. Coffey, D. Conte,
"R.J1. Mason,]J. M. Wallace,] M. Grossmann, and P. F. Qutinger, IEEE J. F. Davis 111, and S. W. Seiler, IEEE Trans. Plesma Sci. PS-iS, 747ITrans Plasma Sci. PS-IS, 715 (1987). (1987)."17R. W. Stinnett, D. H. McDaniel, G E. Rochau, W. B. Moore, E. W. 43A. S. Kingsep, Yu V. Mokhov, and K V. Cbukbar, Soy.]J. Plasma

Grey, T, J. Renk, H. N. Woodall, T, W, Hussey, S, S. Payne, R. 3. Phys. 10, 495 (1984).
Commisso, J. M. Grossmann, D. D. Hinshelwood, R. A. Meger, 3. M. 4D. Mosher, J. M. Grossmann, P. F. OUmger, and D. G. Colombant,INedi, W. F. Oliphant, P. F. Ottinger, and B. V. Weber, IEEE Trans. IEEE Trans. Plasma Sci. PS-1S, 695 (1987).
Plasma Sci. P5-IS, 557 (1987). 45j. M. Grossmann, D. Mosher. and P. F. Ottinger, IEEE Trans. Plasm

'8J M. Grossmann, R. M. Kulsrud, J. M. Neri, and P. F. Ottinger, 3. Sci. PS- 15, 704 (1987).
Appl. Phys. 64, 6646 (1988). `6S. S. Payne, T. W. Hussey, R. W. Stinneti and N. F. Roderick. IEEE
G ". E. Rochau, D. H. McDaniel, C. W. Mendel, Jr., M. A. Sweeney, W. Trans. Plasma Sci. PS-IS, 725 (1987).
B. S. Moore, G. R. Mower, W. W. Simpson, and D. M. Zagar, in 47R. M. KulaTuCI, P. F. Ottinger, and L1 M. Gr-ossmnann, Phys. Fluids 31,
Proceedings of the 8th International Conference on High-Powxer Particle 1741 (1988).
Beams, Novosibirsk. edited by B. N. Breizman and B. A. Knyazev 4SR. J. Mason, M- E. Jones, J. M. Grossmann, and P. F. Ottinger, Phys.I (World Scientific, New York, 1991), Vol. 1, p. 386. Rev. Lett. 61, 1835 (1988).

20J. M. Nei, J. R. Boller, P. F. Ottinger, B. V. Weber, and F. C. Yon, 39. M. Grossmann, P. F. Ottinger, and R. 3. Mason,]J. App!. Pbys. 66,
AppI.' Phys. Lett- 50. 1331 (1987). 20 18)2'B. V. Weber, J. R. Boller, D. G. Colombant, R. J. Commisso, G. Coo- 5307 (199. Rdkv .E ekadR .Sdn omnsPam h
perstein, J. M. Grossmann, D. D. Hinshelwood, R. A. Meger, D. Cotrlle Fuda ion, C.14Sye, and (191.N.SdnCom tsPaaPy.
Mosher,]J. M. Ned, W. F. Oliphant, P. F. Ottinger. V. E. Scherrer, S. Conrole Fr u som n 1, 171s (lis .199 8(91)1).rctanadY
3. Stephanakis, F. C. Young, R. W. Stinnett, E. W. Grey, D. H. Fuctnhy.lidB3,10(91)A.rutm adY
McDaniel, T. J, Renk, and G, Rochau, Laser Pamt Bems 5, Pai 3,1537 Maron, ibid. 3, 1-546 (1991).
(1987). 32R. 1. M~ason, M. E. Jones, D. C. Wilson, C. Bergman. and K. Thiern, inI2 B. M. Koval'chuk and G. A. Mesyats, Soy. Phys. DokI. 30, 879 (1985). Ref. 19, Vol. 2, p. 1058.

23D. D. Hinshelwood, J. R. Boller, R. 3. Commisso, G. Cooperstein, R. 33B. Oliver, L. 1. Rudakov, R.]J. Mason, and P. Auer, Phys. Fluids B 4,

A. Meger, J. M. Nen, P. F. Ottinger, and B. V. Weber, AppI. Phys. 294 (1992).
Lett. 49, 1635 (3986); IEEE Trans. Plasma Sci. PS-15, 564 (1987). 54G. Cooperstein, J. J. Condon, and]J. R. Boller,]J. V=c Sci. Technol. 10,I 24 B. M. Koval'chuk and G. A. Mesyats, in Ref. 19, p. 92. 961 (1973).

"2B. V. Weber, R. J. Cominisso, P. 1. Goodrich,]J. M. Grossmsann, D. D. 35C. W. Mendel, Jr., D. B. Seidel, and S. E. Rosenthal, Laser Pant. Beams
Hinshelwood, J. C- Kellogg, and P. F. Ottinger, IEEE Trans. Plasma 561, Pan~ 3, 311 (1983).
Sci. PS-19, 757 (1991). "C W. Mendel, Jr., D. B. Seidel, and S. A. Slutz, Phys. Fluids 26, 3628

74G. A. Mesyats, S. P. Bugaev, A. A. Kim, B. M. Koval'chuk, and V. A. 57(1983).
Kokshenov, IEEE Trans Plasma Sci. PS-1S, 649 (1987). "M. DiCapua, IEEE Trans. Plasma S&i PS-Il, 205 (1987).27 H. Akiyama, T. Majima, K. Fujita, and S. Maeda, Jpn. J. AppI. Phys. uS. A. Goldstein and R. Lee, Phys. Rev. Let.- 35, 1079 (1975).

26, L1743 (1987). 59C.-K. Ng and R. N. Sudan, J. App!. Phys. 69,.137 (1991).
2R. J. Mason, M. A. Jones, and C. Bergman, in Proceedings of 71h IE-EE OCR. J. Barker and S. A. Goldstein, Bull. Am. Phys. Soc. 2.6,921 (198 1).IPulsed Power Conference, Monterey, CA, edited by B. H. Bernstein and 611 Langmuir and K. B. Blodgett, 'Phys. Rev. Z2, 347 (1923); 1. Lang-
]. P. Shannon (IEEE, New York, 1989), IEEE Catalog No. 89CH2678, 62muir, Phys. Rev. 2, 450 (1913).
p 255. 6 A- N. Bastrikov. S. P. Bugaev, V. M By-stritskii, S. V. Grigorgiev.

29L K. Adler, A. B.-A. Baranga, J. B. Greenly, D. A. Hammer, and N. Fursov, B. M. Koval'chuk, A. A. Kim, V. A. Kokshenev, G
Qi, in Ref. 19, p. 371. syats, Ya. E. Krasik, and V. P. Yakovlev, in Ref 19 ,V_' - 1. 152.

30B. V. Weber, R. J. Commisso, G. Cooperstein, P. 3. Goodrich, J. M. 63C. W. Mendel,]J. P. Quintenz, S. E. Roxene ra Seidel. M. P.

Grossmann, D. D Hinshelwood, J. C. Kellogg, and P. F. Ottinger, in Diesjarlais. R. S. Coats, and M 11 s,,p-. ri'wceedings of the 7th

Ref. 19, p. 406. Internauional Conferer- 'n H~e .- ,,er Particle Beams, edited by W.

"3D. D Hinshelwood, R. J. Commisso, P.]J. Goodrich, J. M. Grossmann, Bauer and 'W. c-nudt (Kernsforschu~szentnum, Karlsruhe GmbH,

J. C. Kellogg, P. F Ottinger, and B. V. Weber, in Ref. 19, Vol. 2, p. K~arlsruh '1,.9), Vol. 1. p. 83.
1034. (Al V Lisitsyn (pnivate communication)

5V. M. Bystritskii, Ya. E. Krasik, 1. V. Lisitsyni, and A. A. Sine- mr. A. Miller,]J. W. Poukey, and T. P. Wright, Phys. Rev. Lett. 35, 940

bryukhov, IEEE Trans, Plasma Sci. PS-19, 607 (1991). (1975).U ~~3~W R6,6Prs] hno,] TopoadEw;-~ E E . N. Abdullin, G. P. Bazhenov, A. N Banstriko,,, S. P. Bugaev, A. A
Trans. Plasma Sc: PS-19, 400 (199 1). Kim, B. M Ko'al'chuk. V. A. Kokshe~ev, 0 B Ladyziienskii, G. A

5D. D. Hinshelwood, B. V. Weber. J. m. orossmann, and R. J. Coin- Mesyats, and K. N. Sukhushin, Sov.]J. Plasma Phys. 11, 66 (1985).
misso, to appear in Phys Rev. Lett. 'A. E. Bl-,ugrund. G. Cooperstein, W. F. Oliphant, S. J. Stephanakis.

"35. Gayer, IEEE Trans Plasma Sci PS-19, 920 (1991). and B. V. Weber, in Ref. 19. Vol. 1, p 463.

2376 Phys Fluids C1. Vol 4. No 7, July 1992 537 Gomm-isso et al 2376



I
U
1
I
I
I
I

I
I

538 I



3 MICROSECOND PLASMA OPENING SWITCH EXPERIMENTS
ON HAWK WITH AN E-BEAM DIODE LOAD

P.J. Goodrich, R.C. Fisher, D.D. Hinshclwood
Jaycor, Vienna, VA 22182

I J.R. Boiler, RJ. Commisso, B.V. Weber
Pulsed Power Physics Branch, Plasma Physics DivisionI Naval Research Laboratory, Washington, DC 20375

Abstract

The Hawk generator is used in plasma opening switch (POS) experiments in the 1-Is conduction
time regimne to study long conduction time switch physics. Peak load powers of 0.7 TW with 55 kU
delivered to the diode--20% energy efficiency--were achieved with a POS. The data indicate that
above a critical load impedance the final switch gap size is limited to about 3 mm. This limits the
voltage. Maximum load power is obtained at this critical impedance. Increasing the cathode
magnetic field-by conducting more current or by decreasing the cathode radius--allows the
fixed-gap POS to remain insulated at a higher voltage. Peak load voltages up to 2 MV were
achieved with a 2.5 cm diam cathode, a factor of 2.8 higher than the Marx voltage. Load powers
were up to 70% higher with a plasma-filled diode (PFD) used in conjunction with the POS for short
POS conduction times. The switch gap may be larger (> 3 mm) on these short conduction PFD
shots.

I. Introduction

Pulsed powxr gencrators have traditionally used waterline and vacuum transmission line technology for powerIconditioning of the microsecond output pulses from Marx banks. The emergence of inductive store technology1

allows the development of more compact pulsed power generators. An opening switch, such as a plasma opening
switch (POS), is used for power multiplication and pulse compression of the microsecond Marx output pulse.
Hawk2 uses a 600 nH Marx,3 with 225 kJ stored and an erected voltage of 640 kV at 80-kV charge to deliver up to
720 kA in 1.2 Is to a POS. By varying the switch plasma density, the switch can be made to conduct from 0 to 1.2
is. The goal of these experiments was to study the physics of the switch and optimize the switch!e-beam diode

performance to generate high power short duration (<400 ns FWHM) power pulses.

3 II. Experimental Configuration

The front end coaxial vacuum section of the basic configuration is shown in Fig. 1. Different configura'ions of3 POS hardware were used, including different switch to load lengths, different cathode center cond.ctor dimmeters
(10 cm diam pictured here), and various cathode tapers--both gradual and abrupt--in the switch and outs~de the
switch. An independent plasma-filled diode (PFD) was also used in some experiments.

The diagnostics consist of a car acitive voltage monitor behind the insulator in oil and several current monitors
including a shunt monitor behind the insulator, four B-dot monitors on the vacuum side of the ins'-uator which are
added together, a Rogowski mon.tor just upstream of the switch and two anode B-dot current moni:ors at the load.

A carbon switch plasma was produced by 18 aerodagged flashboards arranged azimuthally around the 8 cm length
switch region. The flashboards were 17.75 an from the axis. This plasma was injected radially through anode rods

to the cathode center conductor. The flashboards were driven by 25-kV capacitor banks fired 1-2 ps before current
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was conducted in the switch. The current in the flashboards rises to 35 kA in 0.6 Ks. Typically, the peak switch 3
current density is 2-4 kA/am2.

The set up in Fig. 1 with a switch-to-load length of 26 cm is called the standard configuration. In this

configuration, for conduction times greater than about 0.6 ps, switch plasma reaches the diode. Some plasma comes

directly from the flashboards but most is accelerated to the load by JxB forces during conduction (confirmed by

Faraday cups in the load region). The bulk of the plasma does not reach the load--the center of mass motion of the

plasma is only about 4 cm downstream 4 ,5 '6 --however, enough plasma (ne:1012 cm"3 ) does reach the load for the

load to act like a plasma-filled diode with a rising impedance. Also, more plasma (although still low density)

reaches the load with smaller radii cathodes due to the larger JxB force associated with the smaller cathodes.

Extending the conductors downstream of the switch to a length of 40 cm or more generally prevented plasma from

reaching the load. Two B-dot current monitors were added in this transition section, about halfway between the

switch and the load. In this configuration, called the extended configuration, the load looks like a vacuum diode

with a falling impedance and the impedance at peak power can be controlled by changing the gap spacing.

IMI. Experimental Results with a 10 cm Diam Cathode

Fig. 2 shows Hawk shot 56 with a 10 cm diam cathode in the standard configuration. The plasma delay is 1.5 ps

and the switch conducts for 0.9 ts before opening. The 10-90% load current risetime is 40 ns with an 80% current

transfer efficiency and 500 kA delivered to the load. Peak load voltage is 770 kV, peak load power is 0.4 ,W. Best

switch performance (highest voltage and power and fastest risetimes) for shots with a 10 cm diam cathode occurs for

conduction times of-1 ps, almost the time of peak current.

In this configuration, for conduction times over 0.6 its, the load acts like a plasma-filled diode. On shot 56 the

load impedance rose from 0 Q to 1.5 Q at peak power, although with a diode gap of 1 cm the vacuum impedance is

8 Q. Load impedances of 1.5-2 0? were the highest possible in this configuration regardless of the gap spacing,

limited by significant switch plasma in the load (for conduction times over 0.6 ps).

Fig. 3 shows two shots in the extended configuration with 0.95 is conduction times. Here the load behaves as a

vacuum diode with a falling load impedance. Opening the diode gap from 0.5 cm to 1.0 cm increased the impedance

at peak power from 2 0? to over 3 92. Note that the voltage generated on these shots was the same, about 800 kV,

resulting in more current loss on the overmatched 3-Q load impedance shot.

The voltage as a function of the load impedance at peak power is shown in Fig. 4 for numerous shots with a 10

cm diam cathode. Below a critical load impedance, - 1.7 0. the voltage increases linearly with impedance. This is

called the "load-limited" regime 6 ,7 . Above the critical impedance, however, the ,oltage is constant for a given

conduction current. This is called the "switch-limited" regime 6 ,7 . The voltage limit increases with conduction

current.

The current transfer efficiency at peak power for 1 Its conduction is.constant at 80% for load impedances less

than or equal to the critical impedance, but falls as (ZL)0I in the switch limited regime. Maximum power is

delivered to a load operating at the critical impedance (Fig. 5). Furthermore, the peak load pov er increases with

conduction time up to 1 tts. Thus, the highest power generated, 0.4 TW, occurs for 1 lts conduction at a load

impedance of 1.7 Q.
Fig. 6 shows the peak switch gap, D, derived from magnetic insulation arguments (critical current formula) for

these shots plotted as a function of the load impedance at peak power6 ,7 . The data indicate that at least above the

critical impedance the switch gap is fixed to 2.5-3 mm and is independent of conduction current. The voltage

increases with conduction current because the larger magnetic field associated with larger conducted currents allows

the fixed-gap POS to remain insulated at a higher voltage.
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Current loss in the load limited regime is 100-150 kA, independent of conduction (or plasma density) for

conduction currents over - 400 kA. Much of the loss could be ion loss in the switch. For example, the 100 kA, or

20% loss on the highest power shots (operating at the critical load impedance and 1 ps conduction) is consistent with

single species Child-Langmuir flow of C++ ions across a 2.5-3 mm gap. The additional current loss seen when

operating above the critical impedance appears to be electron loss downstream of the switch near the load.

I IV. Experimental Results with a 5 cm Diam Cathode

Hawk shot 366 with a 5 cm diam cathode in the standard configuration is shown in Fig. 7. The switch conducts

for 0.7 [is and opens quickly, delivering 80% of the current, 400 kA, to the load in 20 ns. The voltage generated on

this shot is 1.2 MV, well above the - 900 kV maximum voltage with the 10 cm diam cathode. The load impedance

rises from 0 0 to about 3 0 and the peak power is 0.5 TW. Optimum switch performance with this cathode occurs

at 0.75 pts conduction times with a - 1.5 ps plasma delay, which is also the delay for best opening with the 10 cm

diam cathode. -For a given plasma density, the switch opens earlier for larger magnetic fields, a consequence of

MHD-limited conduction 6 ,8 . To conduct even slightly longer than 0.75 pts with the 5 cm diam cathode requires a

very large increase in plasma timing delay with associated poor switch/load performance (e.g. electrode plasmas

may expand into the switch gap and enough plasma reaches the load to limit the load impedance at peak power).

This inability to conduct longer may be a consequence of the switch becoming source-limited: the flashboards may

not be producing significantly higher plasma densities as the delay is increased above -1.5 ps.

Voltages as high -is 1.7 MV were generated with the 5 ca diam cathode, a factor of 2 higher than the best 10 cm

diam cathode shots and 2.7 times higher than the Marx voltage. The data indicate switch opening rates up to 1 Q/ns

or gap opening rates up to 20 cm/ps.3 The voltage dependence on the load impedance at peak power for numerous 5 cm diam cathode shots is shown in

Fig. 8. Here, the critical load impedance is about 3.5 Q. Below this value the voltage depends on impedance, above

it the voltage is clamped for a given conduction current.

The calculated peak switch gap is shown in Fig. 9 as a function of the load impedance at peak power. The switch

gap is limited to the same 2.5-3 mm. The larger magnetic field produced with this smaller radius cathode means a

larger voltage can exist across the fixed gap at critical current with the current coupled into a diode operating at a

higher impedance, 3.5 Q2. Again, a significant fraction of the current loss in the load limited regime, which is also

usually 100-150 kA, could be ion loss in the switch and the additional current loss operating above the critical3 impedance electron loss near the load.

V. Experimental Results with a 2.5 cm Diam Cathode

I Voltages up to 2 MV were generated with a 2.5 cm diam cathode (seq ref. 4). The optimum switch pe,"ormance

here occurs for conduction times of 0.6 ps with the same - 1.5 pts plasma delay. Peak load power was 0.6 TW, at a3 load impedance of- 7 0, with a 15 ns load current risetime. Longer conduction requires the similarly large

increase in plasma timing delay found with the 5 an diam cathode, and the subsequent degradation in performance.

3 VI. Summary of Voltage Dependence on Magnetic Field

The voltages generated with the different cathode radii are shown in Fig. 10 as a function of the cathode

magnetic field. The data show the improved switch performance (higher voltage) as the magnetic field increases.

The field increases as the conduction current is increased or as the cathode radius is reduced. Also plotted is the3 calculated effective gap for magnetic insulation. The data suggest a limit to the gap size of about 3 mm. Data points
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below the D=2.5 mm line are in the load-limited, lower voltage, regime with load impedance less than the critical
impedance. Higher power could be achieved if the switch gap size can be increased, as suggested by the PFD data
(discussed below).

VII. Tapered Cathodes

Cathode tapers, abrupt and gradual, were tried in the switch region and upstream and downstream of the switch.
The cathode magnetic field is larger in the tapered region which can, in principle, better insulate the electron flow
and produce higher load powers. Only tapering in the switch, specifically the axial region from the middle of the
switch to the downstream end of the switch, had any effect on performance. Better switch performance resulted
using a small radius cathode in this region.

In particular, with a gradual 10 to 2.5 cm diam taper through the 8 cm length switch (the 2.5 cm diam being at
the load end of the switch) load power up to 0.7 TW (1.5 MV and 465 kA in Fig. 11), as produced and 55 Ud (20%
energy efficiency) was delivered to the load. This taper served as a good compromise between the high voltage with
the 2.5 an diam cathode and the long conduction/high current associated with the 10 cm diam cathode.

VIII. Plasma-Filled Diodes

An independent PFD was made with plasma from a flashboard downstream of the diode injected into the diode

gap through holes in the anode plate. The PFD was used with a 5 cm diam cathode and with a 10 to 5 cm diam
switch taper which also included flaring the cathode at the diode out to a 9.5 cm diam on some shots.

Switch voltages up to 2.2 MV were generated with a PFD. Flaring the cathode at the diode was a convenient
way of reducing the load impedance at peak power, operating closer to the critical impedance, and in this geometry
load powers approaching 0.7 TV were produced with a PFD. This was about 15% higher than shots without the
PFD. However, some switch plasma reached the load--the impedance rises from zero even with no independent
PFD on these long conduction time shots--so there are no true vacuum diode shots for comparison.

For short conduction times, where switch plasma does not reach the load and the load with no PFD behaves as a
vacuum diode, the enhancement in load power using the PFD was greater. Peak load power on shots with short 0.4

ps POS conduction times was up to 70% higher with the PFD (for similar load impedances at peak power). Both
voltage and load current were higher, particularly the current. A possible explanation for this is the tendency toward

unsaturated electron flow with a rising load impedance and saturated, hence lossy, flow with a falling load
impedance that is seen in simulations 9. It appears that larger switch gaps, up to 5 mm in size, were produced on the

short conduction time PFD shots (see Fig. 10).

IX. Summary

High power pulses have been generated on the Hawk generator using a microsecond conduction time POS. Load
power of 0.7 TW with 20% energy efficiency was achieved. The data indicate that an effective gap of 2.5-3 mm was

produced in the switch, independent of the load impedance (at least above the critical impedance), conduction
current, and cathode radius. Maximum power is obtained at the critical impedance, the transition point from load- to
switch-limited operation. The voltage increases with cathode magnetic field. Increasing the field--by conducting
more current or decreasing the cathode radius--allows the fixed-gap POS to remain insulated at a higher voltage.
Voltages of 2 MV were generated with a small (2.5 cm) diam cathode (cathode magnetic field - 70 kG). Load
powers were up to 70% higher using a PFD in conjunction with a POS, possibly because of less lossy (unsaturated)
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electron flow, for POS conduction times short enough that switch plasma does not reach the load. The derived

switch gaps are larger than 3 mm on these PFD shots.

I References

1. G. Cooperstein and P.F. Ottinger, Guest Editorial, IEEE Trans. Plasma Science, PS-15 (Dec. 1987).
2. J.R. Boiler, RJ. Commisso, P.J. Goodrich, D.D. Hinshelwood, J.C. Kellogg, J.D. Shipman, Jr., 3.V. Weber, and

F.C. Young, NRL Memorandum Report 6748, January 1991.
3. P. Sincemy, D. Drury, J. Goyer, G. James, M. Krishnan, J. Levine, C. McDonald, and I. Roth, 7th IEEE Pulsed

Power Conference, Monterey, CA 1989, IEEE Cat. No. 89CH2678-2, p. 275.
4. B.V. Weber, J.R. Boiler, R.J. Commissso, P.J. Goodrich, J.M. Grossmann, D.D. Hinshelwood, J.C. Kellogg,

P.F. Ottinger, and G. Cooperstein, these Proceedings.
5. D.D. Hinshelwood, B.V. Weber, R.J. Commisso, P.J. Goodrich, J.M. Grossmann, and J.C. Kellogg, these

Proceedings.

6. R.J. Commisso, P.J. Goodrich, J.M. Grossmann, D.D. Hinshelwood, P.F. Ottinger, and B.V. Weber, to be
I published in Phys. Fluids B, July 1992.

7. P.J. Goodrich, J.R. Boller, R.J. Commisso, D.D. Hinshelwood, J.C. Kellogg, and B.V. Weber, 8th IEEE Pulsed

Power Conference, San Diego, CA 1991, IEEE Cat. No. 91CH3052-8, p. 515.
8. B.V. Weber, R.J. Commisso, P.J. Goodrich, J.M. Grossmann, D.D, Hinshelwood, J.C. Kellogg, and

P.F. Ottinger, IEEE Trans. Plasma Sci. 19, p. 7 5 7 (1991).
9. J.M. Grossmann, private communication.

I
I
I
I
I
I
I
I
I
i
1 543



RA800 8001
700 STANDARD CONFIG. ' 7 >0

--U 600 600 o ,

DIODE oo S oo •
./_._..I_.-.LOAD.__ 4 00 I4 00 '4z -

tu 300
Ie 8 Q, 83 00 "x• 00

-200 200 a
___ 00__ Is_______ 100 1 0

0 0

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

TIME (ps)

Fig. 1. Hawk switch/load vacuum section in the Fig. 2. Current and voltage data for a 0.9 Vs
standard configuration. conduction time POS shot with a 10 cm diam cathode.

900 9 1000

800 ,*..VLce mdoaap 8 w [ /, o ' O
S0700 , v

-V(0.S candiode gap) c 0800 00>- 70 Lh 7 < 0. +' ,,o + 0

t- 6 0 0  c1,6 U J *o
0 did ap 600 Z" 00A+

ti0 do gp Go 00o0 switch limited400 Z(o'S 4 U3 400 1 23
> 00 *o

0200 2 tA 200 ,AP R \<Fig < Lf he + load limited

0 0*J W

""0 1 2 3 4
100 '

0.70 0.80 0.90 1 Z AT PEAK LOAD POWER ( 8)

TIME ( +0S) 03 I450kA + 1<600kA 0 10650kA A2 1O00kA

Fig. 3. Load data for two shots in the extended Fig. 4. Peak voltage as a function of load impedance
configuration. The diode look~s like a vacuum diode with the 10 cm diam cathode. Above a critical
with a falling impebnuce, impedlance, - 1.7 Q, the voltage is constant for a given

conduction current.

S0.5 51 I

0 0
0. 0.0 *0 ________+: + 0% + +0910 0 og

< 0.2 1 2 34 0 1 22

• • 0.1 +• ,,4
< 1+0

0. y• 0. 0 ,

01 2340 1 2 34

ZL AT PEAK LOAD POWER (0l) Z, AT PEAK LOAD POWER (Dl)

0 1-500kA + 1t60OkA 0 1<650kA A I'700kA 0 <5oOkA + t'600kA 0 t-65OkA a I<l00kA

Fig. 5. Peak load power versus load impedance with Fig. 6. Switch gap calc,.ated at peak power, assuming
the 10 cm diam cathode. Maximum power is delivered the switch is at critical current, versus load impedance
to a load operating at the critical impedance with - 1 with the 10 cm diam cathode. The gap is independent
ps POSconduction times. of conduction current and, above the critical

impedance, is fixed to 2.5-3 mm.

544



800 1600 >•20
SHOT 366 02000

700 STANDARD CONFIG. 1400 W

600 1200. < 1I Soo+0> -

/ 4--0--

10 ' V L . 'a +040 0
I 0 

o
< >00 .#.p Q*$ '

400 800 - 1000

2 200 400 a 50 So
U0 IL < lmload limited

100 -200

0 0
-100 L -200 0 2 l68d

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
0.000.2 0.4 0.0 0.0 100 120 .40Z, AT PEAK LOAD POWER (fl)

TIME (ps) 0 1<400kA + 1<45OkA 0 15SOLA A I462OkA

Fig. 7. Curent and voltage data for a 0.7 Vs conduction Fig. 8. Peak voltage as a function of load impedance
time POS shot in the standard configuration with a 5 with the 5 cm diam cathode. Above a critical
an diam cathode. impedance, - 3.5 Q, the voltage is constant for a given

conduction current.

-S -> 3
5D-l.6-850y 2I D- ..l0mm D-5 mm
.4 D-2. .. D .m

< +"+ 2 0

< A / - .. o A D' mm

~~~+ 1 0 +"= I t I

0 2 4 10 60 80

2 02 1 4 6 1

3 LA PEAK LOAD POWER ( (kG

+ 0% CM A CM 0 2.SCM 0 23.5CM
0 1<0 kA 4S0kA 0 FsSS50kA A. i-620kA (DIAM) (DRAM) (DRAM) (DRAM)

I Fig. 9. Derived switch gap a. peak power versus load Fig. 10. Maximum voltage generated as a function ofIimpedance with the 5 cm diam cathode. The gap is cathode magnetic field for different cathode diameters.
also limited, above the critical impedance, to 2.5-3 mam. Here the, simple criticai current model indicates the

I____00________1__ 00 ways to increase the switch voltage.

SHOT 829 pe-- Insulator Flash
700 STANDARD CONFIO. -.. 1400
600 . 1 ,-V|. - 1200 •"

500 0 210o0 6
S400 2 4 8 10

i :300 IL 1600
S200 i1 400

100 
0200 ________5

0 - 100 -200

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1*.j3

I TIME (las)
Fig. 11. On this shot with a 10 cm to 2.5 cm diam
cathode taper in the switch region, load power was 0.7
TW (1.5 MV and 465 kA) and 55 25 was delivered toI the load.

i1 545



I
I
I
I
1
I
I
I
I
I
I
I
I
I
I
I
I
I

546

I



3 HIGH POWER OPENING SWITCH OPERATION ON HAWK

P.J. Goodrich and D.D. Hinshelwood
Jaycor, Vienna, VA 22182-2270

R.J. Commisso, J.M. Grossmann, J.C. Kellogg, and B.V. Weber
Pulsed Power Physics Branch, Plasma Physics Division

Naval Research Laboratory, Washington D.C. 20375-5346I
Abstract

I The Hawk pulsed power generator is used in plasma opening switch (POS) experiments in the
1-pts conduction time regime to study long conduction time switch physics. Recent experiments

Sincluded modifying the P05 electrode geometry, injecting plasma into the e-beam diode, gas gun
plasma sources (with H2 , He, and Ar gases), and a helical cathode center conductor in the switch
region to increase the total insulating magnetic field. Tapering the cathode over the 8 cm POS
length from 10 cm to, typically, a 2.5 cm diam produced peak load powers of 0.7 TW with 55 Id
delivered to the diode--20% energy efficiency-with carbon-coated flashboards as the plasma
source. Switch performance (voltage and power generated) with a straight 10 cm diam cathode
deteriorated as the anode outer conductor just downstream of the switch, but at the same radius
as the switch rods, was extended toward the load. Load power was up to 70% higher with a

I plasma-filled diode (PFD) used in conjunction with the POS for short POS conduction times (400
ns and less). Use of a helical center conductor resulted in dramatically degraded switch
performance for >350 ns conduction times. Switch performance with gas guns was generally
comparable to that with flashboards in a given switch/load configuration and was independent of
the gas (H2, He, and Ar) used.

3 Introduction

The Hawk generator1 is a 600 nil, 1-IiF Marx bank2 that stores 225 kU at 80-kV charge to3 deliver up to 720 kA in 1.2 lts to a plasma opening switch (POS). Past experiments and analyses3

have identified hydrodynamic plasma distortion as the dominant mechanism that controls much of
the POS operation.4 A high density plasma is used to conduct the current pulse, while the
opening phase is characterized by a rarefied plasma resulting from redistribution during the
conduction phase. The maximum load power is determined by an effective gap for magnetic
insulation in the POS. The data indicated that above a critical load impedance the final switch
gap, as determined from magnetic insulation arguments, is limited to 3 mm. Above this critical
impedance, called the switch-limited regime, current is shunted into the transition section between
the switch and the load with the voltage remaining constant. At lower impedance values, the
voltage decreases in proportion to the load impedance--called the load-limited regime. Maximum
load power is obtained at this critical impedance. Increasing the cathode magnetic field (I / r)--by
conducting more current or decreasing the cathode radius-allows the fixed-gap POS to remain
insulated at a higher voltage. In this way peak load voltages up to 2 MV were achieved with a
small 2.5 cm diam cathode, a factor of 2.8 higher than the Marx voltage.
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In this paper, recent Hawk experiments with further modifications to the POS electrode
geometry, plasma-filled diodes (PFD), and gas gun plasma sources are discussed.

Tapered Cathodes

Tapered cathodes, abrupt and gradual, were tried in the switch region and upstream and
downstream of the switch. The cathode magnetic field is larger in tapered regions which can, in
principle, better insulate the electron flow and produce higher load powers. Only tapering in the
switch had an effect on performance with significantly improved performance using a taper like
that shown in figure 1. This gradual 10 to 2.5 cm diam taper through the 8 cm length switch
produced load powers up to 0.7 TW (1.5 MV and 465 kA in figure 2) and 55 kJ--20% energy
efficiency-delivered to the load. Such a taper generated voltages close to those possible with a
2.5 cm diamn cathode but with the longer conduction/higher currents associated with a 10 cm diamr
cathode, producing the high load powers. The importance of geometry on switch performance is
illustrated by the fact that when the tapering starts just a few cm further downstream near the
middle of the switch, instead of at the upstream end, performance becomes identical to a straight
10 cm diam cathode, i.e. 850 kV and 0.4 TW load power at 900 ns conduction.

Figure 3 shows the peak switch voltage as a function of load impedance at peak power for
numerous shots with the taper in figure 1. Above -4 Q• the voltage is roughly constant for a
given c3nduction current--the switch-limited regime. Voltage increases with conduction current
and is over 1.6 MV on the longest conduction (600 to 700 kA) switch-limited shots. The 4 Q
impedance is the critical impedance for this geometry, prcducing 0.7 TW on 600-700 kA
conduction shots.

The influence geometry can have on switch operation is further illustrated in figure 4 where
two cathode taper shots with the same conduction time (same plasma conditions) are shown. In
one case, the setup is the standard switch-to-load length in load-limited operation--good current
transfer, relatively low voltage--because sufficient switch plasma reaches the load to limit the load
impedance at peak power. (More switch plasma is accelerated to the load by JxB forces during
conduction for small radius cathodes.) On the other shot (with the same diode gap) the transition
section was extended, allowing high load impedance--switch-limited--operation with high voltage
but modest current transfer.

Anode Modifications

Modest changes to the anode structure can, like the cathode, have a substantial affect on
switch opening. Figure 5 shows a 6 cm long extension added'to the anode just downstream of the
switch at the same radius as the switch rods, providing a 2 cm radial gap in this region. The usual
configuration is to expand out to a 4 cm radial gap immediately downsti eam of the switch rods.
The extension was originally intended for experiments with a helical center conductor, serving as
a flux conserving tube to produce a higher total magnetic field near the switch than is possible
with a solid center conductor of the same nominal radius Here the cathode is a solid 10 cm diam.

Figure 6 shows shots with 6 cm, 2 cm, and no extension for the same 950 ns conduction time.
Switch opening with the 6 cm extension is very poor. Most of the current is lost over the last 3
cm length of the extension, with the location where the damage begins corresponding to the
downstream edge of the switch at opening if the switch translates about half the switch length
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3 during the conduction phase. Opening actually improved somewhat with shorter plasma delays-
an atypical result. A 2 cm extension resulted in better switch opening, but still not as good as the
no extension standard setup, where current transfer efficiency is 80% and voltages of 800 kV are
produced.

Plasma-Filled Diodes

PFD experiments were done by injecting plasma from a flashboard downstream of the diode
into the diode gap through holes in the anode strike plate. The PFD was used in three cathode
configurations , a straight 5 cm diam cathode, a 10 to 5 cm diam switch taper, and a tapered
cathode which was flared out to a 10 cm diam at the diode as shown in figure 7. Flaring the
cathode at the diode was a convenient way of reducing the load impedance at peak power for a
given diode gap, operating closer to the critical impedance. For long conduction time shots, peak
load power was up to 30% higher with the PFD. However, some switch plasma reached the3 load-the impedance rises from zero even with no independent PFD on these long conduction
shots-so there are no true vacuum diode shots for comparison.

For short conduction times, where switch plasma does not reach the load and the load with no3 PFD behaves as a vacuum diode, the enhancement in load power using the PFD was greater.
Figure 8 shows peak load power on shots with 400 ns POS conduction times was up to 70%
higher with the PFD (for similar load impedances at peak power). With the PFD, somewhat
higher voltage is produced (larger switch gap) and more current reaches the load. This is
consistent with the reduced vacuum electron flow with a PFD load that is seen in simulations.4

Also, the PFD shots showed strong on-axis beam pinching in the diode, evident from x-ray
pinhole pictures and damage done to the anode plate. This is probably because the plasma is a
source of ions necessary for pinching. (Shots with small radius cathodes at the diode-2.5 cm and
5 cm diam- without a PFD also show pinching.)

The control of load impedance provided by the PFD is illustrated in figure 9. This figure
shows two PFD shots with the same POS conduction time and a large diode gap, but different

I PFD delays. In the upper plot, the PFD delay is short and performance is switch-limited: the load
impedance at peak power and the voltage generated are high, current transfer is modest. In
contrast, in the bottom plot the PFD delay is long and performance is load-limited: the impedance
at peak power and the voltage generated are limited, while the current transfer efficiency is good.
Note that the peak load power on these two shots is about the same.

3 Helical Center Conductor

A helical cathode center conductor with a pitch of four and a nominal 10 cm diam was used in
the switch region as shown in figure 10. There are four slots in the helix. The helix is not
centeied under the flashboards/anode rods, but is displaced about 4 cm downstream. This was
done so that the center-of-mass of the plasma, which may translate downstream about half the
switch length or 4 cm during conduction, is at the center of the Ltelix (where the field is highest) at
opening. With the flux conserving tube in place as shown, the additional axial field increases the
total insulating magnetic field over the middle 14 cm of the helix a factor of 2.3 above that from a
solid cathode of the same diameter. Because of the detrimental effect of the anode extension
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observed with solid cathodes, the helix experiments were done both with and without anode !
extensions for comparison (with no difference in performance seen).

Switch opening with the helix was generally very poor, although there appeared to be different
"regimes" of operation. Conduction times for a particular plasma delay were typical of solid 10 I
cm diam cathodes. For long delays of _ I Its the switch conducts for -1 Its, but with small load
currents and low voltage generated upon opening with both short circuit and diode loads. Most
of the current stays in the switch. With intermediate delays, from 0.5 to 1 Ats, the switch did noi
open at all for both short circuit and diode loads. For short delays, less than 0.5 AIs, with 350 ns
conduction times or less and short circuit loads, switch opening was much improved and all the
current reached the load. (No data exists with diode loads at these short conduction times.)
Current appeared to be flowing in the helix ribs on the short plasma delay shots, because the ribs
were deformed by magnetic forces during the pulse. This did not occur with the longer plasma 3
delays and suggests that in this case current is carried in the plasma, not the helix, for the entire
pulse. The fact that switch opening here is inferior to the solid cathode suggests that it is not
simply a matter of the helical turns shorting out. Also, the Bz field decreases to zero at the ends i
of the helix and this may result in additional electron losses downstream of the switch. To retrap
some of this flow, the cathode just downstream of the helix was reduced to 5 cm diameter on
some shots, resulting in a slight improvement in performance. 3

Gas Gun Plasma Sources

Four gas guns, 5 900 apart, were also used as an opening switch plasma source with H2 , He,
and Ar gases. The gas, at 60 psig back pressure, was fed into the region between the coaxial
electrodes, where the plasma discharge is initiated, through an automobile fuel injector used as the
mechanical valve. Typically, the valve is pulsed at least several hundred microseconds before the
discharge is initiated in the gun by a capacitor bank. This minimum gas puff delay is needed to
initiate the gun discharge and involves the time it takes for the valve to start opening and the
transit time of the gas from the valve to the location near the front of the gun where gas
breakdown occurs. Best performance with H2 and He gases occurred with gas puff delays of 400 3
to 450 Is. For Ar, gas puff delays of -500 ts resulted in best performance, consistent with its
slower thermal velocity. The plasma produced by the guns typically has a slower velocity and is
more localized than flashboard plasma.6

Figure 11 shows one of the configurations, a tapered cathode, used with the gas guns. The 10
c n and 2.5 cm diam cathodes were also used. The gun to cathode distance was varied from 3.5
to 10 cm. This figure shows two B-dot current monitors, ILU2 and ILL2, located behind the 3
diode which were used on these gas gui" shots in addition to "the standard load current monitors,
ILU and ILL, which are 5 cm upstream of the diode. In typical operation, these t',,o sets of
cunrent monitors agree: little current is lost in the 5 cm distance from the standard current I
monitors to the load. Even in switch-limited operation, most of the current loss, which can be a
substantial fraction of the total current, occurs near the load but upstream of the standard load
current monitors LU and ILL.

Switch performance with a 10 cm diam cathode was equivalent for the different gases. In
addition, performance is very similar to flashboards: voltage and load power improve with
conduction time and at 900 ns conduction switch voltage is -800 kV. Figure 12 shows peak
switch voltage as a function of load impedance at peak power for shots with He gas. On the
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I longest conduction shots, the voltage is 800 kV at load impedances of -2 Q and above (similar 'to
flashboards). The highest load power, about 0.4 TW, occurs at this 2 fn critical impedance, also
comparable to flashboards.

Performance with a 2.5 cm diam cathode was, again, independent of the gas used. Voltage
and load power improve with conduction time up to 600 ns, similar to flashboards. In figure 13,
peak switch voltage is plotted versus load impedance at peak power for shots with H2 gas. On
the longest conduction shots, the voltage is still increasing with load impedance at 1.2 MV and
5.5 f! in this limited data set. Switch-limited operation may not have been reached and higher
voltages may be possible if the load impedance can be increased above 5.5 f2. These shots were
all taken with a 26 cm switch-to-load length, a configuration which for flashboards resulted in
load-limited operation with the 2.5 cm diam cathode: sufficient switch plasma was accelerated to
the load to limit the impedance at peak power. In the case of flashboards, the switch-to-load
length was extended to produce the higher load impedances, -7 !n, necessary for generating 1.5
to 2 MV switch voltages.

For the tapered cathode in figure 11 (with H2 gas), voltage is 1.4 MV at the 4 El critical
impedance and above (figure 14 with H2 gas). This is also similar to flashboards with tapered
cathodes. However, in what is atypical behavior, the switch-limited voltage does not increase
with conduction current, but is constant at 1.4 MV over a range of conduction currents from 350
to 550 kA.
I ~Summar

Recent experiments on Hawk reiterate the importance of the electrode geometry on switch

performance. Cathode and anode configurations can have a major impact on switch opening.
Tapering the cathode over the 8 cm POS length from 10 cm diam to, typically, a 2.5 cm diam was
a good compromise between the high voltage generated with a small radius cathode and the
longer conduction/higher currents associated with the larger cathodes, producing load powers of
0.7 TW (1.6 MV and 450 kA load current) with 55 kJ--20% energy efficiency--delivered to the
diode. There is a limit on the minimum radial gaps in the switch and downstream of the switch
below which voltage and current transfer are reduced. For example, switch performance with a
straight 10 cm diam cathode deteriorated as the anode outer conductor just downstream of the
switch, but at the same radius as the switch rods, was extended toward the load.

Load power was up to 70% higher with a PFD used in conjunction with the POS for short
conduction times (400 ns and less), where switch plasma does not reach the load. On longer
conduction time shots, the effect was less pronounced, with about a 30% enhancement with the
PFD. In this case, however, some switch plasma reached th6 load so there were no true vacuum
diode shots for comparison.

A helical center conductor in the switch region, designed to increase the total insulating
magnetic field for a given cathode radius, resulted in dramatically degraded switch opening (low
voltage, poor current transfer) for >350 ns conduction times with both short circuit and diode
loads. Opening was good for <350 ns conduction. Indications were that current was carried in
the helix only on the short conduction time (low plasma density) shots, because the helical ribs3 were deformed by magnetic forces on these shots.

Switch/load performance with gas guns was generally comparable to that with flashboards in a
given switch/load configuration. Performance was independent of the gas (H2, He, and Ar) used.
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PULSED POWER PHYSICS TECHNOTE 93-10

[ TITLE: POSITIVE POLARITY POS OPERATION ON HAWK

Author: D. Hinshelwood and R. Fisher

* Date: May 4, 1993

Abstract: This note gives the results from a handfull of shots taken in June, 1992 where
Hawk was operated in positive polarity. The conduction current as a function
of generator delay was compared with that obtained in negative pola-ity using
short circuit loads. A few shots were taken with a diode load. Conduction
appears seen to be slightly greater in positive polarity. It is speculated that the
apparent, longer conduction time may be related to a greater delay in
establishing magnetic insulation between the switch and the load. This issue
could be resolved with further experiments and PIC simulations, leading to an
increase in our understanding of the POS.
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I
Positive polarity POS operation was investigated with a small number of shots on

Hawk in June, 1992. For these shots a 5-cm diam center conductor (anode) was used
with a 4.5-cm radial gap in the switch region, i.e., the standard anode rod arrangement for
the 10-cm diam center conductor was used. The standard-length configuration was used, 3
with 13-cm-long ancde rods connectii;g the load dB/dt collar to the switch anode rod
assembly. Most of the run consisted ofssiort circuit shots in alternate polarities. Only the
usual machine electrical diagnostics were used Reversing the polarity of Hawk is a simple I
proceedure which requires only that the main and mini-Marx power supply leads be
reversed This run comprised shots 1009-1029 and the data is stored in [HAWK.PLUS].

The first five graphs on the page after next compare generator and load currents I
for both polarities, at five different generator delays. For each set of shots the delay was
the same within the resolution of the data. With these delays the conduction current and
time ranged from 250 kA at 300 ns to 670 kA at I its. The two load currents are I
averaged, together in these graphs for clarity. Unless noted, both load dB/dt's agree fairly
well with one another on these shots. At the earliest timing the switch appears to open at
the same time on all three shots taken, although a small foot on the load currents in
positive polarity causes opening to be delayed. At the next three timings, the switch
appears to conduct slightly longer in positive polarity (on two of the positive polarity
shots, shot 1024 at 1.6 tis and shot 1014 at 2.1 p.s, the two load dB/dt signals differed by
about 40%). The load currents in positive polarity also show a slight dip before opening,
and this dip can almost be imagined to start when the load current begins in negative
polarity. For these shots, the rise in switch voltage, associated with switching to the load
inductance, also occurs later in positive polarity. At the latest timing, the load current
starts at the same time in both polarit~es (on each shot one of the load dB/dt's lost it, so 3
that the actual load currents were larger than shown).. A polarity-dependent foot is also
seen .'n both load current traces.

The last graph shows datz from one of the few shots with a diode load. The center
conducto- was terminated in a butt end to form the anode, and another short section of 5-
cm-aiam hollow tube was installed in the short-circuit plate to form the cathode. The
diode gap was about I cm. This shot was taken with a rather short delay; two other shots,
taker at longer delays, exhibited much lower load impedance. The results from this shot
are far from spectacular.

Interpretation of these results is complicated by the fact that in positive polarity the
load current monitors are located on the cathode. The c•ata Bruce is taking now show that
both the anode and cathode load currents start at the same time. Therefore, the later load
currents observed here for positive polarity shots are .probably not the result of this
monitor asymmetry On tI-e other hand, we would not expect switch opening in the MIlD
regime to be polarity dependent A possible explanation is that in positive polarity there is
a greater delay between switch opening and current transfer to the load. This delay is
related to the establishment of magnetic insulation between the switch and the load and
might well be polarity dependent in the cylindrical geometry of this experiment. 3

Since the total current into the diode load on shot 1022 was not measured, it is
difficult to say whether the system was in the switch- or load-limited regime. Thus, the
data here are insufficient to judge positive polarity operation of the switch into a diode 3

I
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3 load. Like the dog on his hind legs, however, it is encouraging that the positive polarity
switch works at all.

This polarity comparison should be continued with a limited number of shots as
part of the current run on Hawk, where both anode and cathode monitors are installed,
both immediately past the switch and at the load. If a polarity dependence is observed and3 can be attributed to phenomena beyond the switch, then the effect of polarity should be
studied using PIC simulation. As a minimum, reproducing this effect with simulation
would constitute a good benchmarking of the code, and may even lead to a greater
understanding of POS operation.

I
I
I
U
U
I
I
I
I
I
I
I
I
I 555



1O (., p' 1( I [ I

S 8 I
7 7"

3i 3'

I029
2-.i 2-]

Io""' ,

*1-4" 5

4-
C .- -- - - -- -

A. 3  0.8 0.9 1.2 1".6 1.8 .3 0.6 0.9 1.2 1.5 1.8

T o- ,,/ S

a- a-

-- 01_'_ 4. t

II

7 -"Poe- 4

3 I I . .l 3 ' p1

3 3

/ 1 + 1 .- ;'-:"' . --'

',I ..

2U- q 2 ois,

6. 3  0.8 0.9 1.2 1.6 1.8 1'3 0.6 0.9 1.2 1.5 1.8

9 9.

/ e :g - - •..-'" .......

8 8-

I -I I II5,

71 7

3-3

"21. o~ o~ . . 2. -•. . • 12 i .

0o -°I ...

S;II I /

T Imealca I. 'u i er Tlaleucale:hl:cra

2'5



OFFICIAL TN COPY

PULSED POWER PHYSICS TECHNOTE NO. 90-31

I TITLE: EYLSS PEOS EXPERIMENT WITH NRL FLASHBOARDS

AUTHORS: B.V. Weber, R.J. Commisoo, P.J. Goodrich, R. Fisher

DATE: December 13, 1990

ABSTRACT: A one-week PEOS experiment was performed on the PI
Eyess generator involving NRL and PI personnel. The
purpose of the experiment was to test the effects of
using a different flashboard plasma source in the same
configuration used in previous Eyess experiments. The
flashboard used in these experiments was modified to
generate a higher density at early time delays and was
successfully tested on Pawn at NRL. On Eyess, these
flashboards demonstrated the capability to conduct
higher current than the flashboards used previously at
PI, but the resulting load power was similar to
previous results. Details of these experiments are
included here. The results were presented at the Jan
1990 DNA opening switch workshop and at a Branch
seminar.I
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I
I. INTRODUCTION

A one-week PEOS experiment was performed on the PI Eyessl
generator in November 1989 involving NRL and PI personnel. The
NRL personnel who travelled to PI are: R. Commisso, R. Fisher, I
P. Goodrich and B. Weber. PI personnel who collaborated on this
experiment are: J. Goyer, D. Kortbawi and G. Dealy. The purpose
of the experiment was to increase the power generated by using
different flashboard plasma sources in the same configuration
used in previous Eyess experiments. The flashboards used in
these experiments were modified to generate a higher density at
early time delays and were successfully tested on Pawn at MRL.
On Eyess, these flashboards demonstrated the capability to
conduct higher current than the flashboards used previously at
PI, but the resulting load power was similar to previous results.
The details of these experiments are included here, including I
waveforxis from chosen shots, tabulated parameters from all shots,
comparisons of conduction currents for different situations, and
density estimates based on hydro-limited conduction. These
results were presented at the Jan 1990 DNA opening switch
workshop and in a Branch seminar.

II. EYESS EXPERIMENT 3
A sketch of the experimental setup is shown in Figs. 1 and 2.

Figure 1 is a sketch o1 the r-z cross section of the Eyess vacuum
section showing the flashboard location, plasma injection
aperture and diode load. Both short circuit and diode loads were
used. This configuration is identical to experiments performed
previously on Eyess using different flashboard plasma sources.
The flashboards were positioned either 1.0 cm or 20 cm from the
center conductor surface. The plasma injection aperture length
was 5 cm for all the shots except three, where the length was
increased to 14 cm. Figure 2 is a sketch of the r-4 cross
section in the switch region.

Three flashboard variations are shown in Fig. 3. The first
design (left hand side) was used in PEOS experiments on Gaible U
II, POP and Pawn at NRL. The flashboard gap array consists of 6
chains with 10 gaps each. These flashboards were given to PI and
modified for Eyess experiments as shown on the right hand side in
Fig. 3. At NRL, a new version2 (center) with 6x20 gaps were U
constructed to generate higher density at the same delay time.
These flashboards were tested on the Pawn generator. The driving
current waveform is different for the three cases, as illustrated
by the Peak I and quarter period (T/4) listed in the Figure. It
became clear to us, by comparing results on Pawn and Eyess, that
the 6x20 gap flashboardi generate a far higher density at early
time delays than the 3x8 gap flashboards. The following
experiment was aimed at fielding these new plasma sources on
Eyess with a goal of improved switch performance at conduction
times approaching 1 JLs. 3

I
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III. DISCUSSION OF RESULTS
Table I is a summary of 'he results from all the shots taken

on Eyess using the 6x20 gap flashboards. Eighteen short circuit
load shots were taken on the first day, followed by 18 diode load
shots on the next two days. ,he parameters listed in Table I are
described in the caption.

An example of generator and load current waveforms with short
circuit loads is shown "n Fig. 4. The conducted current
increases with time delay (time between firing the flashboard
bank and the Eyess bank). The conduction current is far higher
using these flashboards compared to the 3x8 gap flashboards at
the same time delay. Fast switching is achieved at full current
using a time delay of about 2.2 ps. This is an improvement in
switching compared to results using the 3x8 gap flashboards.

U Results using diode loads did not exhibit the improvement
evident with short circuits. Waveforms for the highest power
shot are shown in Fig. 5. The peak power, 0.34 TW, is similar to
(but not greater than) the highest powers obtained on Eyess using
the 3x8 gap flashboards. The voltage on this shot, 0.86 MV, is
considerably less than the Eyess all-time record of = 1.5 MV.
Waveforms for an Eyess shot using the 3x8 gap flashboards are
shown for comparison in Fig. 6 (copied from the DNA Opening
Switch Workshop presentation by J. Goyer in Jan, 1990). The load
power is about the same on this shot as for the shot in Fig. 5,3 except at higher voltage and lower current.

The dependence of conduction current on parameters varied in
this experiment are illustrated in Figs. 7-9. Fig. 7 compares
the 6x20 gap flashboard conduction currents to those using 3x8
gap flashboards at the same distance (20 cm) and time delay. The
conduction current (and conduction time) are over 2 times greater
using the new flashboards. Fig. 8 shows the difference in
conduction current for 10 and 20 cm distances between flashboards
and center conductor. An additional 0.7 ps is required to
compensate for the additional 10 cm distance. Fig. 9 shows the
small, but interesting sample of data on the effect of increased
plasma injection length. The conducted current increases a
noticeable amount (about 10%) when the injection )ength is
increased from 5 cm to 14 cm. Increasing the injection length
increases the plasma mass by some unknown factor, but the weak
scaling of conduction current with length seen here is in the
direction of (or beyond) hydro-limited conduction, where I
101/2. Measurements of the line density for 5 cm and 14 cm
lengths would help resolve this scaling.

Figure 10 is a plot of a calculated plasma density based on
finite hydrodynamic plasma displacement during conduction. The
data in Table I (D112 and Teff) are used to calculate a density
so the plasma center-of-mass displacement is 1,/2. This
calculation results in plasma densities in the 1015 cm-3 range,
give or take a factor of 10. This calculation gives a lower
bound on the plasma mass, unless the plasma displacement is
larger than assumed, or unless plasma momentum is carried out of
the system by fast ions crossing to the center conductor on a
time scale shorter than the conduction time. Both of these
effect3 are expected to be small in this experiment.
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IV. THE BOTTOM LINE(S) I
The bottom line of this experiment is these "new and

improved" plasma sources did not improve the opening switch
performance on Eyess in any important way, such as increased
power, voltage, or faster switching. This in itself is an
inteiesting result, suggesting that optimum switching does not
require a fast plasma, contrary to our thinking for the short
conduction ti: s PEOS. A follow up analysis of the density- and
length-scaling in this experiment could be done with test stand
density measurements.

REFERENCES
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PULSED POWER PHYSICS BRANCH TECH-NOTE NO. 91-30

TITLE: GAS PUFF PEOS SOURCE ON HAWK

£ DATE: 10 September 1991

-- AUTHORS: D. Hinshelwood and R. Fisher

SABSTRACT: The first experiments with alternative PEOS plasma sources on
Hawk have been performed. Two varieties of gas puff sources were
examined, as a precursor to eventual gas puff/plasma gun sources.

The sources used could easily conduct the entire generator pulse.

However, switching performance was poor. This may be related to

either the use of an initially neutral gas or to the injection geometry.

Future experiments to resolve this are underway.
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Introduction

In our microsecond conduction time PEOS experiments we have tried many

geometry variations in pursuit of optimum switch performance, with some success.

For example, reducing the cathode radius and extending the switch-to-load distance

has improved switching to diode loads. We are now attempting to further optimize

the switch by investigating alternate plasma sources. This note describes the first work

in developing a gas puff source. Typically, a puff of gas from a fast valve is ionized, and

then current is driven through it on a microsecond timescale. The resulting plasma is

j x B driven into the PEOS region. Such a source has several potential advantages over

the standard flashboard sources. The plasma composition can be selected by simply

changing the injected gas. Depending on the exact source design, the exposed hardware

may well be more rugged than a flashboard. Higher localized plasma densities may

be possible with this type of source. Switch performance with small radius cathodes

has been limited by the density available at -- 1.5 tts delay times. At longer delays,

performance degrades, possibly because the plasma is no longer localized. Finally,

improved performance with gas puff sources has leen observed by Krasik, et al, on the

Double generator in Tomsk, RF, USS.

In the present experiment, neutral gas was injected into the PEOS region, without

any preionization or magnetic acceleration. The resulting switch performance was

poor, but large currents could be conducted and the rer-ults give optimism for future

gas puff plasma sources. Such sources are being designed presently.

Experiment

Details of the two variations studied are shown in Fig. 1. Gas was injected from the

cathode toward the anode. This was done for two reasons: te manifold connections

became much simpler, and gas which had crossed the electrode gap would leave the

system, rather than stagnate against the cathode. Since diode loads were used, the

gas had to be supplied through the machine and a transit time isolator was constructed

for this purpose. This consists of about 7 turns of 3/4 in. copper refrigeration tubing,

at roughly 30 cm diam and 3 cm interturn spacing. 'The calculated inductance was 10

/).H, The isolator contains 3, RG-223 cables and a line of poly gas tubing. No problems

have been observed after hundreds of subsequent shots. One of our standard solenoid

valves, originally developed by PI, was located in the cathode. It was driven by a 600

V. 1000 jtF capacitor. The valve was fired several times after a new gas was used to

clear the line.

2
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In the first arrangement, shown at the top of Fig. 1, gas was supplied by six

cylindrical brass nozzles. The exit diameter was 1 cm and throat diameters of 1.1,

2.2, and 4.5 mm were used on different shots. In the second arrangement, gas was

supplied by a single radial nozzle. Four rods held the two cathode halves together.

I, The exit aperture was 34 cm in circumference and 1.3 cm long. The throat was 3 cm

in circumference. An adjusting screw controlled the throat length; it was set to 3 mm

3 for these shots.

The cathode radius was 5.4 cm and the radial gap in the switch region was 1.7 cm

for most shots. The radial gap outside of the switch region was 3.2 cm. The load

was located 25 cm beyond the nozzle(s). For most shots, the anode rods in the switcha region were surrounded by 50% Lransparent screen.

Gas characterization

A modified Penning gauge was used to characterize the initial gas distribution.

The tube was placed in the chamber at various locations. The recorder output of

a modified controller, with a larger capacitor, was monitored. The large capacitor

was necessary to obtain fast time response: without it the signal is disrupted by fast

Sspikes. Typical results are shown in Fig. 2. The top graph shows signals from the

first nozzle configuration. The response of the Penning tube saturates at a few microns

(-1014cm-3 ), so that the chief utility of this tube is in showing where the gas is not.

The solid curve in the graph was obtained with the tube located at the anode rods,

immediately across from one of the nozzles. For the second curve, the tube was located

at the anode, but azimuthally in between nozzles. In the last case the tube was located

at the load. The initial baselines reflect the initial background pressure. The final

.I saturated amplitude varied also and is probably not significant. Shots were typically

fired at t=0 on this graph. The key point here is that at this time there is no gas at

the load. Comparison of the other two curves indicates that the gas is well localized

near the nozzles at this time.

The bottom graph shows data from the second nozzle, with the tube located across

from the nozzle and at the load. Again, the gas is well localized at the time the

£ generator is fired.

Results

I On most shots, three flashboards were fired 1 /Ls before the generator to preionize£ the gas. The gas source conducted sufficient current, as shown in the top graph in

3
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Fig. 2: Characterization of the initial gas distribution using a Penning gauge.
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Fig. 3. In this case a short circuit load was used, and load currents are compared for

shots with and without the gas puff. With flashboards alone only a tiny current is

c( nducted before the switch opens. Later in time the switch begins to re-close and the

re-opens. This is most likely due to a further inflo, -3f flashboard plasma. With the

puff added, the switch opens at 800 ns after conducting 600 kA. The current transfer is

good, but the switching is noticeably worse than usual. On this shot, He at 50 PSIG

back pressure was used.

TPoe conduction time could be controlled by varying either the valve back pressure

or the time delay, as shown in the bottom of Fig. 3 and the top of Fig. 4. Indeed, it

was possible to conduct the entire generator current. These and all subsequent shots

had nominal diode loads. The shots in Fig. 3 were taken with He gas. For all delays

and back pressures used, current transfer was extremely poor. In addition, no resistive

load voltage was observed. Next, Ar was tried. The shots in Fig. 4 used Ar, and

the results were little better than with He. Load voltage was observed only for short

conduction times, and even then the results were poor. Removing the screen behind

the anode rods had no effect. The best load coupling obtained is shown at the bottom

of Fig. 4. The diode vacuum gap was 2.1 cm, so the observed 211 impedance indicates

the presence of plasma in the diode.

Results with the secor:d nozzle were even worse. Typical data are shown in the

top graph of Fig. 5. On this shot, no flashboards were used. Several shots without

flashboards were taken during this experiment, and the results were similar to those

with boards, so the boards were probably not necessary. This graph also shows the

signal from a Faraday cup located in the anode at the load, looking back toward the

switch.

At the end of the experiment three shots were taken with a 3.2 cm radial gap in the

switch region. Current transfer was much better than with the smaller gap, and on

one shot full transfer was observed, as shown in the bottom graph in Fig. 5. However,

the resistive load voltage was still negligible. On the -hoL shown, no flashboards were

used, and the gas is seen not to conduct at first. This was the only shot where such

behavior was observed.

Summary

The poor performance of this source has two causes: current loss in the switch

region resulting from an insufficicent gap, and zero load impedance, evidently from

plasma in the load region. Increasing the switch gap reduced the first problem and

6
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Fig. 3: Results with short circuit (top) and diode (bottom) loads. The gas was He in
these shots.
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Fig. 4: (top) Results with Ar gas at different delays. (bottom) The best load results
observed in this work. This shot had Ar at 50 PSIG back pressure.
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IFig. 5: (top) Typical results with the second nozzle, using Ar at 50 PSIG. (bottom)

Results with an increased radial gap, also with the second nozzle and Ar at 50 PSIC.
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in principle, a longer switch-to-load distance could solve the second. However, these

problems did not occur, or were not as serious, with flashboards. The encouraging

feature is thae large currents, even the entire generator pulse, could be conducted with

this source. The reason(s) for degraded switching with this source are not obvious

because it differed from the flashboard source in three ways: the gas is initially neutral,

the spatial distribution is different, and injection occurs from the cathode with negligible

directed velocity. One possible explarnation for the larger required radial gap might be

that locating the nozzle exit right at the cathode produces a large density gradient across

the radial gap, so that in order to have sufficient plasma at the anode, the density at

the cathode is so hrge that the effective cathode radius is increased significantly. The

increased plasma , ',sity in the load, as indicated by the low or zero load impedance, is

more diffiuit to explain since the initial distribution seems to be as, or more localized

than with flashboards. Future experiments, with different injection geometries and

witl- driving currents, should clarify these issues, hopefully leading to an improved

Tlasma source.

We are continuii-g gas source development by, evaluating automobile fuel injectors

tuggel a:-l inexpensive repl".cements for the solenoid valve. We will soon look at

u M-sha' g"., and eddy current driven injection schemes.

Co. [clusion

The first experiments with alteri ative plasma sources have been performed. The

gas ,, sources used led to poor switch performance. However, because of the

large conduction currents possible, gas puff/plasma gun sources appear attractive for

improving both switch performance and engineering reliability on Decade.

10
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II

PULSED POWER PHYSICS TECHNOTE NO. 93-06

I TITLE: INITIAL CABLE GUN POS EXPERIMENTS ON HAWK

AUTHORS: B. Weber, D. Hinshelwood, R. Commisso

DATE: 29 March 1993

ABSTRACT: Experiments have begun on Hawk using the cable gun plasma sources
developed for use on DPMI at PI. These plasma sources have resulted in
impressive POS performance (high voltage and low jitter) on DPM1, and have
been chosen as the probable plasma source for the Decade machine. The
experimental objective on Hawk is to discover how the cable-gun POS operates,
and how it is different from the flashboard POS. It is known, for example, that the
cable gun plasma is about ten times slower than the flashboard plasma. This
property may have beneficial effects, including: less secondary plasma at surfaces,
reduced gap closure rate, and less plasma spreading away from the injection
region.

This technote describes results using short circuit loads in the "standard"
configuration (r = 5 cm, 1 = 8 cm, switch-load distance = 26 cm) with a He-Ne
interferometer to measure the line-integrated electron density during shots. The

density is measured at different radii for shots with conduction times of about
0.95 pts. At all radii, the density increases during conduction above the level that
would be measured by firing the sources alone. This is in contrast to the
flashboard case, where the density follows the source-only density for the first part
of the conduction phase, then decreases prior to opening (except near the
conductors). The measured density is non-zero at all radii during opening; the
trend suggests that opening actually occurs near the center conductor, closer than
the 3 mm displacement of the laser beam. This is consistent with the expected
M[HD distortion of the approximately constant (initial) radial plasma distribution.
The conduction time is longer for a given electron density than for flashboards,
suggesting that the effective M/Z = 10-14, about a factor of two higher thai 'or
the flashboard plasma.

3 THIS REPORT REPRESENTS
UNPUBLISHED INTERNAL

WORKING DOCUMENTS AND
SHOULD NOT BE REFERENCED

OR DISTRIBUTED
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i. Experimental Setup

The experimental arrangement on Hawk is shown in Fig. 1. The cable guns are
constructed from 1/4" diam semi-rigid coax by drilling a 600 conical hole at the end. The gun is
powered by a 0.6 gF capacitor charged to 25 kV (the same as is typically used for a flashboard).
The plasma composition may be somewhat different from flashboards because the flashover
surface is Teflon (C2F4) instead of carbon-coated Kapton (C22HIoN 205). Twelve guns are
arranged at the distance shown, 9 cm from the surface of the 5-cm radius center conductor. The
plasma flows through the transparent rod region. The 8-cm long rods are located azimuihally
between guns. The POS configuration is the same as for previous flashboard POS experiments I
using this "standard" configuration; that is, 1 = 8 cm, r = 5 cm, Ar = 2 cm in the plasma injection
region, and the switch-load distance is 26 cm.

The He-Ne laser beam is indicated by the heavy dashed line in Fig. 1. The radial location
of the beam can be changed shot to shot. The beam is located azimuthally under a gun. The line-
integrated electron density is measured directly by this technique, and converted to an average
density by dividing by the p!asma injection length, 8 cm. For these experiments, the entire laser
beam was recorded at the detector. This limits the spatial resolution of the measurement to the
beam diameter in the plasma region, about 4-5 mm; This approach resulted in an excellent signal-
to-noise ratio. The uncertainty in the average density is about lxI 014 cm"3. A short circuit load is
used to simplify the density measurement and to reduce debris and x rays.

Cable Guns (12)

AG.

,1111=lo ",d.•:mBAxial ln

_ _ dof sight
Oki- r=m f 6.5 cm

- ---- 0- ---- Z.....- (cm)

HH
'I •"Rods 1ILL

Figure 1. Cable Gun POS on Hawk
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m- II. Radial Density Scan

POS shots were taken for the case of 0.95 pts conduction time. This required a delay time
between firing the guns and firing Hawk of 3.7 pts. For comparison, the same conduction time
using 18 flashboards 12.5 cm from the center conductor requires only a 1.5 pns time delay. Them difference in required delay times is primarily the result of different flow velocities, and
secondarily the result of different secondary plasma generation at the conductors. This
conduction time was chosen for comparison with our published density data using flashbpards
(Phys. Rev. Lett. 68. 3567 (1992)), and because this conduction time results in maximum powel
with diode loads using flashboards.

Data taken at six different radial locations of the laser beam are shown in Fig. 2. For each
m beam location, the generator and load currents are plotted along with the average electron density

measured during the shot and before the shot firing the guns alone. The radial location of the
beam center is indicated in the upper left corner of each plot. The conduction time for all six
shots is in the 0.9-0.95 ps range. The initial density is within 10% of lxI015 cm"3 for all six shots.
The load currents rise in about 50 ns to the full generator current. This set of shots is assumed to
be reproducible enough to estimate the density distribution for comparison with the flashboard
case.

At all six locationzs, the density increases during conduction. This differs from the
flashboard case, where the density follows the flashboard-only density for the first part of the
conduction phase, then decreases prior to opening at most locations in the cross section. The
density increase with the cable guns could result from several sources. During conduction, JxB
forces can move plasma in the radial direction, increasing the line-density at a given radius and
decreasing it at others. Plasmas can evolve from the surfaces during conduction and increase the
local density, and eventually contribute to the density in regions away from the conductors.
Another possibility is ionization of plasma ions and neutrals during conduction. The density
increase during conduction is a major difference between these cable gun experiments and
flashboard experiments, and should be investigated further with more experiments and theoretical
calculations.

The density decreases prior to opening beginning near the center conductor and
propagating toward the outer conductor. Density cross plots for selected times are shown in
Fig. 3. During the rise of the load current, the density is smallest close to the center conductor,
but is still finite (a few times 1014 cm'3). The density reaches zero (less than 1014 cm"3) at the 6
mm, 9 mm, and 12 mm locations, but well after switching. (For the corresponding flashboard
case, the density decreased essentially to zero at the 15 mm location at the onset of opening, and
the density remained negligible at this location until 300 ns after opening.) For the cable guns,
opening may begin close to the center conductor, assuming a vacuum gap is needed to explain th"e
observed switching. The interferometer may not reveal a vacuum gap if it is smaller than the
beam diameter (4-5 mm) or if it is not parallel to the beam.

The density distribution from the cable guns is relatively constant as a function of r. As
current is conducted through this plasma, the magnetic forces will displace plasma near the center
conductor farther in the axial direction. The distortion of the plasma would then allow radial
magnetic forces to decrease the line density there. Opening could then begin in the rarefied
plasma near the center conductor. The flashboard density distribution increases near the center5 conductor because of the surface interaction with the high velocity plasma. Opening (or at least
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Figure 2 Density and current measurements on Hawk using cable guns.
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Figure 3. Cross plots of density for selected times: t = 0 V.s (start of conduction), 0.5 ps (during
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density thinning) occurs 15 mm from the center conductor, in agreement with fluid calculations of
I the plasma distortion.

Ill. MHI)D caling

ft The plasma density required for conduction in this case can be estimated from the data in
Fig. 2. Assuming opening begins near the center conductor and that the density increase during
conduction contributes to the conduction time, the peak density during conduction at the 3 mm
location, 3.5 x 1015 cm3, will be taken to be "the density" for scaling purposes. The MMD
conduction limit asserts that switching begins at the time the plasma center-of-mass is axially
displaced by half the switch length (or equivalently, the time for a snowplow to reach the load end
of the plasma). This model works remarkably well for Hawk flashboard experiments assuming a
C'+ plasma, for which Mi /Zmp = 6. Applying the same argument to the cable gun data, and using

as input the parameters: r = 5 cm, 1 = 8 cm, and jj1 2 &i2 = 3-4 x 10- 2 C2 , a value of M,/Zmp =

10-14 is derived for the cable gun plasma. This is (very indirect) evidence that the cable gun
plasma species is different from the flashboard plasma. For example, the cable guns may produce
Fluorine (atomic weight 19) ions, more C' ions, and fewer protons than flashboards, increasing
the effective Mi /Z.

If the cable gun plasma is filling only a fraction of the 8 cm injection aperture, then the
calculated M, 1Z would be even greater by the factor (8 cmr/. Another source of uncertainty in
these estimates is the actual plasma displacement, Az, during conduction. If the displacement is

I different from 1/2, the corresponding value ofM1 /Z would change by a factor of (1/2Az).

IV. Conclusions

These initial experiments have shown several differences between flashboard and cable
gun POSs that may be important for future work. For the specific case of - I Its conduction on
Hawk, the cable gun POS requires a longer delay time than the flashboard POS, consistent with
the slower flow velocity of the cable gun plasma (2-3 cm/gis versus 15-30 cm/gs). Density

I measurements during shots show that the density increases during conduction, very different from
the flashboard case. It is unclear what causes the density increase, but it is probably a
combination of MI-D displacement, plasmas evolving from surfaces, and ionization of the plasma5 ions and neutrals. During opening, the density is smallest near the center conductor. This is not
unexpected based on the relatively constant radial density distribution and an MI-ID conduction
limit. The measured density is finite at all radial locations during opening, possibly because a

I. vacuum gap forms at a location closer to the center conductor, or because the gap is smaller than
the beam or not parallel to the beam. In any case, the dynamics of the plasma are notable different
from the flashboard case, where opening appears to happen at a large distance from the center
conductor, 15 mm for the analogous flashboard case. Applying the MHD conduction limit
argument to the cable gun POS, agreement between measurements and the simple theory requires
the plasma species to have an M/'Z value about two times higher than the flashboard plasma.
This is indirect evidence that the plasma composition is different for the cable gun plasma,
possibly including fewer protons, and more C' and F ions. Future experiments will examine

5
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switching into loads and power flow between the POS and load to determine promising POS
configurations that will then be examined using interferometry.
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PULSED POWER PHYSICS TEqHNOTE 93-09

5 TITLE: INTERFEROMETRIC STUDIES OF GAS GUN PLASMAS

Author: D. Hinshelwood

I Date: April 28, 1993

Abstract: This is the first in a series of three technotes describing our work with gas
guns. This note presents results from a few brief studies of the mechanical
valve and of gas breakdown in the guns, and measurements of the electron
density, obtained with our six-chord interferometer, both for the guns alone
and during short circuit shots. The gas guns are seen to produce radial density
profiles that range from similar to, to very different from, those produced by
flashboard sources. Data taken during machine shots are consistent, both
qualitatively and quantitatively, with what we would expect based on our
MHD picture of conduction current limitation. Reproducibility is seen to be
poor, and possible ways to improve it are discussed. The results of this work
suggest improved ways of fielding these sources in the future. While further
investigation of these sources is likely a low priority, with some changes in the
source arrangement, these sources have the potential to allow further relevant
physics experiments

I
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INTRODUCTION

This is the first in a series of three technotes describing our work on gas gun
plasma sources. Results from a few brief studies, of the mechanical valve and of gas
breaKdown in the guns, are presented first. Then, measurements of the electron density,
obtained with our six-chord interferometer, both for the guns alone and during short
circuit shots, are presented. The gas guns are seen to produce radial density profiles that
range from similar to, to very different from, those produced by flashboard sources. Data
taken during machine shots are compared both qualitatively and quantitatively with what
we would expect based on our MHD picture of conduction current limitation.
Reproducibility, and possible ways to improve it, is discussed. The results of this work
suggest improved ways of fielding these sources in the future. Two companion technotes,
presently under preparation, present the results of initial interferometric, test stand studies
of the guns (Jim Kellogg) and the results of about 80 shots with diode loads (Phil
Goodrich). So far, the use of gas gun plasma sources has not improved operation of the
POS on Hawk. However, some useful physics info.-mation has been obtained and with
some changes in the source arrangement, these sources have the potential to allow further,
relevant physics experiments

GAS GUN DESIGN AND TESTING

A machine drawing of the gas gun we developed is shown at the top of Fig. I.
The gun geometry is based on the guns first used by Yasha Krasik in his work at Tomsk.
Here, however, an automobile fuel injector is used as the mechanical valve. We learned of
this technique from a paper by Michael Brown of Cal Tech (JAP 69, 6302 [1991]). Each
valve is driven by a 200 pF, SCR-switched pulser built by Jim. For most of this work the
pulsers were charged to 170 V. The plasma discharge itself is driven by two of our
standard doghouses, with one, type-C cable connected to each of the six capacitors.
Typically, the valve is pulsed several hundred microseconds before the doghouses are
fired. Further details will be presented in Jim's note; in general the insulation and inductive
isolation worked quite well and the guns were found to be quite reliable from this
standpoint.

In the first test of the valves themselves, they were fired in vacuum toward, and at
various distances from, a Penning gauge. This gauge can measure pressures up to a few

microns (_1014 cm -3) with a response time of about 50 ps, and so is sensitive to the first
front of the expanding gas. With 100 V on the pulser and over a range of back pressures
of air, the gas front moves at about 0.07 cmrps, consistent with the mean thermal velocity
of 0.05 cm/is. Extrapolation of the data shows that the valve begins to open at 325 gs.

Next, mechanical operation of the valve was examined directly. A small sliver of
paper was attached to the valve plunger in such a way that the paper blocked a HeNe
beam from reaching a photodiode. Retraction or the plunger was measured by the
increase in photodiode signal. The backing pressure, pulser voltage, and pulser
capacitance were varied. The capacitance was seen to have a negligible effect on the
initial signal rise so that similar results would be expected with the 200 piF used in Hawk
experiments and the 100 ýF used here. Typical data is shown in the center of Fig. 1. (The
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fast ocillations on the signals do not occur in the absence of backing pressure and thus
they are likely caused by a vibration of the plunger.) As the pulser voltage is raised, the
valve opens sooner and more quickly. Unfortunately, this test was not set up to record
the very first opening of the valve: for example at 100 V the valve begins to open at 325
AIs but the motion is not noticeable here until 525 Ats. By extrapolation of this data and
that from the Penning measurements, at the 170 V used in the Hawk experiments the valve
begins to open at about 250 Is and opens completely at 800 AIs. This shows that the
valves had only just begun to open at the timings used in the experiments. The limited
data taken here show a good reproducibility in the mechanical action of one valve, but
valve-to-valve reproducibility was not examined. The data here suggest that in the future
the valves should be operated at higher voltages in order to sharpen the opening and
hopefully reduce dispersion of gas in the guns prior to the discharge. They should also be
operated with lower capacitance: reducing th., capacitance does not change the initial rise
but greatly reduces the duration of opening and thus reduses the pressure rise in the
system after firing the guns.

Breakdown in the guns was diagnosed briefly using framing photography. A 4-
mm wide slit was machined along the length of one gun barrel. The gun was operated
with H2 at 55 PSIG back pressure, using valve-to-discharge delays of 350-510 As. These
were the timings used on Hawk. For all delays, light is observed first at the location of the
holes in the center conductor. The luminous region then expands toward the gun exit at
roughly 5 cm/pAs for 430 ts delay and at 10 cm/ps for 350 ts delay. By 1-2 Ats, a slight
difference in luminosity distribution is seen for different delays - for 350 sts the light is
brighter near the center electrode tip while for 430 Ais the light remains brighter near the
holes.

lINTERFERO METRIC ARRANGEMENT

This experiment was the first to make use of our multichord interferometer.
Briefly, two cylindrical lenses are used to expand in one direction the beam from a 35-mW
HeNe laser (gracefully lent to us by John Thompson at MLI). The lens pair is located
beyond the AOM so that both beams are expanded together. The resulting, roughly 2-cm-
wide strip beams are directed along our usual interferometer arTangement. The combined
output beam is observed by an array of six short fiber optic segments coupled to
photodiodes. The experimental arrangement on Hawk, along with the scene beam
locations in the switch region, is shown in the drawing at the bottom of Fig.1. Four guns
were used in the Hawk experiments and in most cases they were located very close to the
anode rods as shown. This gives rise to a large azimuthal asymmetry when the 10-cm-
diam cathode is used, which as a minimum complicates interpretation of the data. In
future experiments they should probably be backed off. The 10-cm-diam cathode was
used for all of the interferometric measurements.

The scene beams were located 0.24 cm apart in radius between 0.5 and 1.7 cm
from the cathode. This setup did not have the beam-aligning paddle that was used in
previous measurements, so that beam alignment could not be determined as accurately as
before. There is probably a 0.1-0. 15 cm uncertainty in the radial position of the beam
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I
array in this work. Shots were taken with two locations of the gun collar, giving the twoI scene beam locations shown in the figure.

5 SOURCE-ONLY STUDIES

Figure 2 shows data taken using 430 ps valve-to-discharge delays with H2 gas.3Unless noted, a back pressure of 55-60 PSIG was used for all shots presented here. The
top graph shows data taken with the scene beams under the gun (Fig. 1). The middle
graph shows the same data on an expanded time scale. Note that in all of the graphs in
this note the line-averaged electron density is given, because the axial length is less well
determined than when flashboards were used. Also, in all graphs here time zero
corresponds to the start of the gun discharge (doghouse) current. Density is observed first
by the scene beam closest to the gun at 2.45 ps. This location is about 12 cm. from the gas
exit holes, giving an average velocity of 0.5 cm/pis which is in consistent with the framing
photographic data. A sharp front is observed, moving at a faster velocity of about 10 cmn/
pts. Evidently the plasma observed here was either accelerated along the gun or originated
later than the start of the discharge. A slight density decrease is seen behind the front.
Shortly after the front reaches the cathode, a larger density increase is seen which
propagates out from the cathode at 1-2 cm/pis. The last graph in Fig. 2 shows data taken
with the scene beams offset from the gun. Here density is observed first close to the

Scathode, which is also closer to the gun as seen in FIg. 1. The later arrival time is
consistent with the 10 cm/ips front velocity. The intial density behavior at this timing, with
its very large spatial and temporal gradients, differs greatly from that observed with
flashboards. The later-time, secondary plasma is typical of flashboard data and may be
unrelated in composition to that supplied from the guns. By varying the gun-to-generator
time delay it is possible to vary greatly the initial radial profile of the electron density. For
the first 400 ns the secondary plasma appears to be absent, so that during this time the
plasma composition can be controlled. However, this is shorter than the typical
conduction time. At much greater gun-to-cathode separations it may be possible to
stretch out the early density behavior and allow more controllable physics experiments.
During this time the density ranges from strongly peaked near the anode to evenly
distributed. By moving the g ns farther away and operating in parallel-plate geometry
with different injection directions, it should be possible to study the effect of plasma
species and profile on switch operation.3 The minimum delay for which the discharge could be driven was about 340 Ats.
This time is consistent with the fact that the valve barely begins to open at 250 pts, and H2

moving at the thermal speed of about 0.2 cm/pts requires 50 pts to reach the holes in the
gun center conductor. The top graph in Fig. 3 shows data taken for 350 pts discharge
delays. At this timing the density behavior differs markedly from that seen in Fig. 2.
Density is first observed at 1.7 pts, suggesting a faster plasma which is consistent with the
framing photographic data. In this case, measurable density is seen simultaneously at all
radial locations, and at both the center and offset azimuthal locations. After 1 pts the
density is slightly larger both near the cathode and near the guns than it is in the middle of
the gap. This is all indicntive of a fast, low density plasma that impacts the cathode and

I
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bounces around, allowing the density to equilibrate within the switch region more rapidly
than it increases with time. Later in time the profile is similar to that seen in Fig. 2.

At intermediate timings the density profile evolution varies smoothly between t•,iat
shown here and that in Fig. 2. This is shown in the second graph in Fig. 3. Here data
observed at 1.7 cm from the cathode is compared for a variety of timings. As the timing is
increased beyond 430 pis, the steepness of the density front decreases.

The last graph in Fig. 3 shows density data for Ar gas. For Ar, 520 pis is about the
minimum timing at which the discharge can be driven. With a thermal speed of roughly
0.04 cm/ps, Ar should require 200 ps longer to transit from the valve to the holes than
H2 , so that this minimum time is consistent with that for H2 . The density data are
qualitatively similar to the early-timing data for H2 shown in the top graph.

Reproducibility of these sources is discussed in the section after next.

MEASUREMENTS DURING MACHINE SHOTS

Interferometric measurements were performed during I I machine shots with short
circuit loads. Hydrogen gas was used for all shots with discharge delays of 430 Ps. This
timing was chosen because of the resulting initial density behavior. The graphs in Fig. 4
show data from shots with generator delays of 2.3 ps. Several interesting features are
seen. On both shots the density at the start of conduction is very small. (Because of the
weaker signals in this experiment, the noise-equivalent density is roughly a factor of two
greater than in previous work.) Density increases during conduction as plasma flows into
the switch region. On shot 1247 (top graph), opening appears to occur close to the
cathode. Since the initial density is lowest there, this would be expected based on our
MED picture of conduction current limitation. On shot 1248, opening is a long,
protracted process. This type of behavior was also observed on POP when the guns were
placed very close to the cathode, and is believed to occur because the plasma influx
increases rapidly over the conduction time. In this case, plasma can be supplied to the
switch region as fast as it is distorted and/or eroded.

Figure 5 shows data from shots with 2.6-ps generator delays. Shot 1249 (top
graph) shows a density profile evolution typical of that observed on shots with
flashboards: the density decreases during conduction at all locations except close to the
anode, where it increases. The density minimum is located at 1.5 cm from the cathode.
Shot 1234, by comparison, shows different behavior. Here the density decreases to the
measurement limit at all locations. It is not immediately obvious why this shot is different
from shot 1249. On this shot the load current was not reiorded and the time of opening is
estimated from the switch voltage. Despite the encouraging, broad density reduction, the
switch voltage does not indicate a rapid opening. (In fact, all of the short circuit shots in
this run exhibit rather slow openings.) The last graph shows data taken with the scene
beams at the offset location. Here also the density decreases at all observed radial
locations during conduction. In this case the azimuthal asymmetry may cause azimuthal
pinching of the switch plasma.

The top graph in Fig. 6 shows data from a shot with a 3 ps generator delay. At
this time the secondary plasma density is much greater and opening appears to occur close
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to the anode. This would be expected based on our MHD picture because of the large
radial density gradient away from the cathode.

REPRODUCIBILITY

In general, the data here show poor reproducibility, as illustrated in the last two
graphs in Fig. 6. The middle graph shows data from the source-only shot immediately
preceeding shot 1246. The density profiles track well at first, but then become greatly
different by the time generator current begins. With this irreproducibility it is not possible
to compare directly shots with and without firing the generator, for example. The bottom
graph compares data from two source-only shots taken with short discharge delays.
Again, a large difference is exhibited. Such variation was not always observed, for
example the data from the sequence of shots in Fig. 3 shows a smoothly-varying trend that
is indicative of more reproducible behavior. Operation of these guns involves several
processes which may vary shot-to-shot: action of the mechanical valve; gas breakdown
and discharge intiation; interaction of the discharge with surfaces in the gun; and
interaction of the injected plasma with the cathode surface. Some of the variation
encountered may have resulted from incomplete purging and/or conditioning when the gas
was changed or when the guns were brought up to air. The mechanical valves appear to
be reliable and with further study, an operational/conditioning proceedure could likely be
developed that would allow reasonably reproducible operation of these guns.

COMPARISONS WITH OUR MHD PICTURE

As stated above, the results here are qualitatively consistent with our
understanding of conduction current limitation. The switch is seen to open at the radial
location of the density minimum (since the density gradients here dominate the weak
magnetic field gradient): opening either at the cathode, at the anode, or in between,
depending on the radial density profile.

The data are also quantitatively consistent. The diode shots Phil took with H2 and

Ar comprise mainly H2 shots with 430 and 345 pas discharge delays, and Ar shots with

520 ps delays. For the early delay, the data here suggest that it is reasonable to assume
azimuthal uniformity. In this case the measured density can be used to predict the
conduction current. The diode shots at this early timing are found to have conduction
currents that agree with those predicted, assuming a protonic plasma. Predictions for
many of the H2 shots at 430 pis discharge delays are also consistent. However, in this
case the rapid variation in density during conduction, and the observed azimuthal
asymmetry complicate the interpretation. There are a few shots, such as shot 1247 in Fig.
4, for which the density is small-to-negligible at the start of the generator pulse. That
conduction is observed indicates that either plasma flow into the switch region continues
during conduction, or else new plasma is formed by ionization of neutrals that may be
present along with the injected plasma. The Ar shots that Phil took also show conduction
currents that are consistent with predictions assuming a doubly to triply ionized Ar
plasma. In all of the above, the uncertainty in the density, azimuthal distribution, and
composition have a relatively small effect on the predicted conduction current because of
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its weak dependence on density in the MHD regime. By the same token, however, it is
difficult to use the observed conduction current to deduce the plasma composition, or the
existance of neutrals, etc.

RELF"VANCE TO DIODE SHOTS

I As discussed in Phil's Technote, switch performance with gas guns and diode loads
was not very exciting. The data presented here indicate that at the generator delay times
used in most of the diode shots taken with H2 and Ar, either little current conduction
occurred (as would have been expected), or the secondary plasma would have dominated,
with a density profile similar to that on flashboard shots. Only a few shots with H2 were

I taken under conditions corresponding to the rapidly ;-.,rying density profile, and
considering the lack of reproducibility it is not obvious what the exact density profiles
were onthese diode shots.

I CONCLUSIONS

Considering the unexciting results with diode loads, further investigation of these
sources would seem to be a relatively low priority within the POS program. However,
they do have the potential of enlarging the available parameter space obtainable from POS

plasma sources, and thus facilitating relevant physics experiments. If work on these

sources were to continue, the first step should be a careful study of conditioning effects to
improve the source reproducibility. As mentioned before, the valves should probably be
driven with higher voltage, lower capacitance pulsers. The switch should be operated
with more guns at a large distance from the cathode. Under these conditions, experiments
could be performed that would add to our understanding of POS physics.

I
I
*
I
I
I
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* SECTION FIVE

SYSTEM STUDY FOR INDUCTIVE STORAGE GENERATOR

3 5.1 System Study for Inductive Storage Simulators

Decade is a multimodule pulsed power device designed as a NWES test facility.
This device accelerates electron beams into high-atomic-number targets producing
bremsstrahlung radiation in the x-ray region. These x-rays are then used for the testing of
electronic components. During the design phase of the Decade facility, JAYCOR
personnel carried out system studies to explore design options and find the optimum
design criteria for Decade. The Decade designs employing inductive storage technology
were analyzed with circuit modeling techniques. Realistic models for opening switches and
diode loads were employed, and careful attention was paid to the stringent output
requirements of the system. The Decade circuit model considered the storage inductance,
capacitor bank voltage and capacitance, variable load and opening switch resistances3 (modeled), and a load inductance.

The results of the study included a number of design guidelines for maximizing the
system efficiency. These included such detailed specifications as diode gap closure times
(greater than 3 times the FWHM load pulse length), switch opening rates (maximize), and
load inductance values (minimize). In addition, several general observations resulted from
this study including the potential benefits of series diodes and longer conduction time
opening switches.

3 5.2 List of Papers

5 2.1 "System Study for DECADE Using Inductive Storage
Technology," P.F. Ottinger, J.M. Neri, RJ. Commisso, and D.V. Rose, J.
Radiation Effects Research and Engineering 11, 143 (1993). Also, additional3 information can be found in NRL Memorandum Report 6733 (1990).

I
U

I
I

605U



1. *,. F' *
* I * * * * -t 'a. *

'at a

I
I
I
I
I
I
I
I
I
I
I

606



3 143

SYSTEM STUDY FOR DECADE USING INDUCTIVE STORAGE TECHNOLOGY*

Paul F. Ottinger, Jesse M. Neri, and Robert J. Commisso
Naval Research Laboratory

Plasma Physics Division
Pulsed Power Physics Branch

Washington, DC 20375

David V. Rose
JAYCOR

Vienna, VA 22182

I Abstract

Designs for Decade using inductive storage combine the technologies of fast
capacitor banks, vacuum opening switches, and advanced diode loads Such
designs require the choice of many system parameters, some of which are
constrained by output requirements. However, the remaining parameters
need to be chosen judiciously in order to optimize system performance and
efficiency. Circuit analysis also suggests that elements of inductive generators
are strongly interactive. Thus, realistic modeling of opening switches and the
load are important for obtaining reliable results. A system study for Decade
has been carried out with these concerns in mind. Results are presented, and
advantages and disadvantages of various system options are discussed.i

Introductios exp(-tR4L/) and the power is delivered to the load on a
Designs for Decade using inductive storage combine time scale much faster than x,. A finite-load inductance

the technologies of fast capacitor banks, vacuum open- LL is also included between the switch and the load.
ing switches, and advanced diode loads.1'2 Such designs Analysis suggests that elements of inductive generators
require the choice of many system parameters, some of are strongly interactive. Thus, realistic modeling for the
which are constrained by output requirements. Typically, opening switch resistance Rw(t) and the load resistance
the peak load voltage VL, the full-width at half-maximum RL(t) are needed to obtain reliable results. In the absence
(FWHM) of the load power cp, and the electrical energy of a physics model for the opening switch, the switchI delivered to the load EL are specified. As in previous resistance is assumed to rise linearly in time, so that
analyses, 3 these three constraints can be viewed as fixing
three system parameters. Here, the bank capacitance C, [0 0t< (1)
the storage inductance L, and the peak load resistance Ro Rs,. (t) = ldR~ /dt ( -I will be chosen as the three parameters that are deter-
mined by the output constraints. The remaining param-
eters need to be chosen judiciously in order to optimize
system performance and efficiency.

Figure 1 shows a schematic of the Decade circuit. Ini-
tially, the capacitor bank is charged to a bank voltage Vb LL
and no current is flowing. The capacitor bank is then
discharged through the storage inductance L: which in-
cludes the inductance of the capacitor bank, the inter- RR L
face, and the vacuum region. The switch is assumed toS remain closed and conduct current until a specified firing C
angle 0 is reached. The conduction time of the switch c
is given by 0(LC)102, where 0 5< 0!5 _<2. Once the switch
begins to open, current is transferred to the load. The
load resistance RL overdamps the system [i.e., (RL/L)2

>> 4/LCJ so that the current decays exponentially as Figure 1. Schematic of single-stage inductive generator circuit.

S Work sponsored by Defense Nuclear Agency under MIPR #90-582NM.

WARNING:THIS DOCUMENT CONTAINS TECHNICAL DATA
WHOSE EXPORT IS RESTRICTED BY THE ARMS EXPORT
CONTROL ACT (TITLE 22. U.S.C. SEC. 2751, ET SEO) OR DISTRIBUTION AUTHORIZED TO US. GOVERNMENT AGEN-
EXECUTIVE ORDER 12470. VIOLATORS OF THESE EXPORT 07 CIES ANOTHEIR CONTRACTORS:CRITICAL TECHNOLOGY. 16
LAWS .ARE SUBJECT TO SEVERE CRIMINAL PENALTIES. 607 JULY IMB2. OTHER REQUESTS FOR THIS DOCUMENT SHALL
DISSEMINATE IN ACCORDANCE WITH PROVISIONS OF DOD BE REFERRED TO DEFENSE NUCLEAR AGENCY. 6801
DIRECTIVE 532025 TELEGRAPH ROAD. ALEXANDRIA. VA 22310-3399
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It is also assumed that no voltage appears across the load dR
until t > -r, which agrees with most experiments. Once _ (6)
power is delivered to the load, it is assumed that the dt EL
diode turns on instantaneously. Electrode plasmas, how-
ever, will expand across the anode-cathode gap and Here, Equation 6 is meant to be a scaling relationship
eventually short out the load. Gap closure occurs on a and not an equality. For example, if VL is doubled the
timevnally oswitch rate must be increased by a factor of four to ob-time scale of t - Do/VA, where Do, is the initial gap spac- tathsmeproan.Teerugsclgrlti-

ing and vc is tIe closure velocity. This effect is modeled sain theillme se performance. These rough scaling relation-
by a linearly failing load resistance given by ships will be used to help explain the trends in the data.

The results from the analysis will then be used to em-

(2 pirically find coefficients of proportionality to turn the
R O<t<'c . (2) scaling relationships in Equations 3 through 6 into ap-

I() R. [1-(t - 'c )/ t: I "C <t<Tc +T9 proximate scaling equations.

This assumes that the diode current scales as the critical Previous studies have investigated the effects of vary-
current. Although more sophisticated models will be ing the storage inductance and firing angle on the system
used in the future, these models for Rw and RL are suffi- effidency.4-6 The approach here is to determine the de-
cient for the purposes of this study and provide con- sign for a system that satisfies the desired output speci-
siderable insight into the effects of switching rate and fications for VL, rp, and EL. The values of L, C, and Ro,
diode gap closure on system performance. which result in an output pulse with peak voltage of VL,

FWHM of power of rtp, and energy of EL - no more and
Many rough scaling relationships can be obtained no less - will be called the "point-design" values for C,

from simple system considerations. The peak load power L, and R,- These point-design parameters C, L, and Ro
scales roughly as VL2/Ro, so that, using EL- PL'p the peak will be determined for a range of assumed values for 0,
load resistance scales as LL, VI, -ri, and dR,•/dt. Of these five variables, 0, LL, and

Vb are well defined and externally controllable, whereas
Sand dR,,./Jdt are controlled by physics. This algorithm

V p (3) will be repeated to investigate narrower power pulses
EL and the use of series diodes7- 12 in order to address sim-

Similarly, the peak load current scales roughly as VL/R., ulation fidelity concerns.
so that The efficiency of delivering energy from the capacitor

bank to the load is very important, because it is directly
IL - (4) related to the size and cost of the system. Consistent with

VLTp the concept of finding the point design for a specified cp

For a fast opening switch, a negligible load inductance EL will be defined as the energy delivered to the load
(i.e., LL << L) and a load resistance that overdamps the from t - = 0 to ti/, the time 'relative to the beginning
system, the FWHM of the power pulse can be approxi- of the power pulse) of half peak power on the falling part
mated by exp (-2'rpRoL) - 0.5. Usually, the rise time of of the power pulse. Thus, the efficiency is defined as
the load power is only a fiaction ofrp for the cases con-
sidered here, so that this provides a reasonable scaling fC 12 (t)RL (t)dt
under these circumstances. Using Equation 3, this yields I = , (7)

2 2

V1t, 4L CVb2 /2
- 2 L P 4L, (5) where IL is the load current and T = tj/2 for the point-

EL In (2) tn (2) design parameter study. For an idea! switch (i.e., one that

where L. = (VLI'p)2/2EL is the Shannon inductance. 4 Note opens to Rw.>> RL in a time much faster than cp) and an
that the usual definition of the Shannon inductance is L, ideal load (iLe" T >> 'p so that RL - constant) that over-

=V2Tp/2PL. Since VL, EL, and 'p are the specified pa- damps the circu:i [i.e., (R/L)2 >> 4/LC)], this definition

rameters, EL - PLTp has been used to substitute for PL in results in an efficiency of about 50 percent because
the definition of L, that will be used here. The rough about half the energy is still stored in L at t = r, + tj/2.

scaling in Equation 5 suggests that the storage inductance Efficiencies much greater than -0.5 are not attainable be-
should be about 5.8 times L.. However, the calculations cause T is constrained to be t1/2 -ca.

that follow will show that the optimum L is about 2.3 Aside from efficiency, the requirements on the open-
times L.. Inductances much larger than this optimum Aside rfrm ance reo uimentane and
value will lead to a considerable efficiency penalty. Fi- ing switch performance are of particular importance and
nite switching time and load inductance will also affect concern. For a given system, requirements on switch
these scaling relationships and reduce efficiency. conduction time Tc, conduction current I., and opening

rate dRv,/Jdt must all be satisfied for proper system per-
The last rough scaling relationship is the condition for formance. As system parameters are varied, the switching

fast switching, which can be stated as dRs,/dt >> requirements change. In many cases, values of'c, I, and
R/-tp. Ag&;n using Equation 3, dRPdt are required that are beyond the present limits of
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I switching capability. Thus, research to extend opening The results of the efficiency penalty study will provide
switch performance is required in order to consider the quantitative information about the efficiency and fidelity
feasibility of some of the systems discussed in this study. penalties for using a storage inductance that is larger than

AWo of concern is the efficiency penalty that results the point-design inductance found in the point-design
when the inductance is larger than the point-design parameter study. For realistic values of LL and dR,.,/dt,
value. Although the point-design parameter study will the efficiency can be significantly less than that derived

identify a value for L for the point design, such a value is from ideal circuit considerations. The dose will be com-
* not always physically realizable. Because of inherent in- mensurately less as well. All these results and their im-

ductance in the capacitor design, packing issues, voltage plications will be discussed in detail.
holdoff concerns, etc., a realistic inductance may be All analyses were carried out using a lumped-circuit
considerably larger than the point-design value. This approach, so that any important transit time effects were
issue of a physically realizable inductance will be re- not investigated. In addition, the resistance of the capac-
ferred to throughout as the inductance constraint. To itor bank and safety resistors were assumed negligible. R
evaluate the efficiency penalty that must be paid in cases was also assumed that insulator flashover does not occur.

I where this inductance constraint plays a role, the effect If insulator flashover does occur, the energy stored in the
of varying L about its point-design value is investigated, bank inductance will be lost. This may be significant,
In this analysis, for each system with fixed capacitance C, depending on the detailed system design. All these ef-
the inductance is varied about the point-design value fects tend to reduce the system efficiency and will be
found in the previous'analysis. Here, however, VL is the studied in the future.
only specified constraint and is assumed to fix Rk. Equa-
tion 3 is evaluated from t - - = 0 to a fixed time t - €c Point-Design Parameter Study

T. (Note for the efficiency penalty study, T * rt1.) EL and Referring to Figure 1, the circuit analysis is broken into
'tp are not fixed, but are calculated for each system. If L two parts: the conduction phase (t < r,) and the opening
is larger than the point-design value, rp will exceed T, phase (t > rc). During the conduction phase, when R, =
implying that the efficiency will drop and the simulation 0 and no current flows through the load, the circuit equa-
fidelity will be reduced. The efficiency penalty for using tVon is written as
an inductance that is larger than the point-design value Q
will be calculated and compared with those calculated -- + L1- =0 (8)
previously.46 C dt

A number of design guidelines for maximizing the effi- In Equation 8, Q is the charge on C and I = -dQ/dt is the
ciency will be obtained from this study: current through L. Applying the initial conditions Q(0) =

CVb and I(0) = 0, the -olution is
1. Firing angle 0 should be -2n/5
2. Load inductance LL should be made as small as l(t) = Vb sin t (9)

possible L (LC)112

3. Diode gap-closure time should be >3rp

4. Switch-opening rate should be as large as possible. The argument of the sine function is commonly referred
to as the firing angle 0. Choosing 0 = "rJ(LC)1 , the initial

These conditions will be quantified. When all four of conditions for the opening phase become
3 these conditions are satisfied, scaling equations can be (C0a)

written for the point-design parameters C, L, and Ro in 2= CVb cos
terms of the three specified output parameters (VL, EL,
and rp) and Vb. A number of other observations will also lo= Vb L-I sinC (0Ob)U be made. Results from the point-design parameter study M
will show: During the opening phase (i.e., for t > rc), the circuit

1. The only major difference between the design and equations are:
performance of a lower voltage bank compared
with a higher voltage bank is the longer switch Q + L dl + isw Rsw = 0 (01a)
conduction time E dtL0

2. There are many advantages to using series diodes d11  (1 b)
in terms of alleviating system constraints Isw Rsw = L + IL RL,

3. To obtain a shorter power pulse width, inductance where -dQ/dt = I = Iw + IL, Isw is the switch current, It
constraints and gap-closure concerns are f'irther is the load current, and R5w(t) and RL(t) are given in
strained Equations 1 and 2, respectively. These equations can be

4. Higher (lower) radiation production efficie,..y, and rearranged to yield
thus lower (higher) EL, translates into a lower (high-
er) point-design value for C and a higher (lower) d.L = (Isw Rsw - IL RL ) /L 0 2 a)
point-design value for L. dt
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d_ + Q -iRwThe output parameters, VL, EL, and rR are chosen to

dl__=_4 I_ R __ d(12 b) match Decade bremsstrahlung radiation specifications.
dt LC L dt The peak load voltage VL is a measure of the maximum

or endpoint voltage of the radiation-producing electrons
dQ (12c) generated in the diode. Typically, 1.5 MV is the highest
dt = acceptable endpoint voltage. If a series diode is used to

These three coupled first-order differential equations are divide the generator voltage down to the desired end-

solved for t 2t -r with initial conditions Q(tc) = Qo, Iw('c) point voltage, then VL can be higher. Runs 5 through 7

= I., and IL('c) = 0, where Q0 and 10 are defined in Equa- are meant to simulate the case where two diodes are

tions 10a and IOb. used in series so that the peak load voltage, as seen by

When solving Equations 1 2a through 12c for the the generator, is 3 MV. To achieve the specified dose at

point-design parameter study, L, C, and R. must be an endpoint voltage of 1.5 MV, 2.5 MJ of electrical en-

chosen so that the solution yields the specified values of ergy must be delivered to the load. EL = 2.5 M) is used

VL, EL, and rp. To do this, a three-parameter shooting for all the runs except Run 7. In this case, EL = 3 M) was I
technique is used.13,14 Details of how this technique is used to investigate the effect of lower radiation produc-techiqu is sed'3' 4 Deail of ow histechiqu is tion efficiency in series diodes. Initially, the specified ra-
applied to this problem are described in Reference 15. tion puise in is ns. itially, the thedose

The code that was developed to carry out the design pa- diation pulse width is 40 nsec. It is assumed that therdosen

rameter study using this three-parameter shooting 8ate associated that for P -dIVe-te4 bremsstrahlung

nique was benchmarked against analytic results taine-
previously 3 for the case with an ideal switch (i.e., dRw/ pulse width scales as 'tad - p1/1 .9. For TrI = 40 nsec, 'rp

dt -4 oo), RL = constant, and LL -4 0. In Reference 3, the = 76 nsec. Eventually, Decade will require TrI " =20 nsec

firing angle e and the bank voltage Vb were varied, and or "tp = 35 nsec. Runs 6 and 7 investigate the impact on

the output parameters were set at V1 = 1.8 MV, EL = 2.5 the design parameters of this shorter pulse option. If

MJ and cp = 85 nsec. Analytic results for these cases can another scaling for the dose rate is used, then -rp needs to

be found in Tables 1 and 2 of Reference 3. For the be adjusted appropriately. For reference, column 5 in

benchmarking code run, dRsJdt = 1,000 .issec, = Table 1 shows Ls = (V=Tp)2/2EL for each run.

1,000 nsec, and LL = 0.5 nH were used, and e and"Vb The other five parameters shown in Table 1, Vb, 0, LL,
were varied. Agreement with the analytic results was ob- dRsw/dt, and C,, are variables. For each run, two pa-
tained with rapid convergence. rameters are varied over a range of values and the other

The purpose of the point-design parameter study was three are set at fixed values. The symbol "v" in the table
to determine the design for a system for which the system indicates which parameters are varied for each run. in
parameters result in precisely the desired output speci- Run 1, 0 is varied between r/4 (450) and ,.2 (90r), and
fications for VL, rp, and EL. The point-design parameters LL is varied between 0.1 I, and I, to study their effects
C, L, and R, were determined using the three-parameter on the design parameters. In Run 2, rg is varied between
shooting technique for a range of assumed values for Vb, 125 and 1,000 nsec to study the effect of gap closure on
0, LL, dRs/dt, and c . Table 1 lists the values of the pa- the system. in Run 5, dR,.,/dt is varied between 2 and 20
rameters for the seven computer runs that were made. W/psec to investigate the effect that switch-opening rate

Table 1. Parameters for computer runs.

Specified Output
Parameters Variable Valuesa

VL  EL VO L, vb 0 LL dR .. dt
Run # (MV) (Mi) (nsec) (nH) (kV) (fads) (nH) (W/msec) (nsec)

1 1.5 2.5 76 2.6 750 v v 4 1,000

2 1.5 2.5 76 2.6 750 v 0.1 L, 4 v

3 1.5 2.5 76 2.6 750 v 0.1 L. v 1,000

4 1.5 2.S 76 2.6 v 2i./S 0.1 L, v 1,000

5 3.0 2.5 76 10.4 v 2t/5 0.1 L, v 1,000

6 3.0 2.5 38 2.6 v 21E/5 0.1 L. v 1,000

7 3.0 3.0 38 2.2 v 2t/S 0.1 L v 1,000

"Note:
a The two parameters for each run that were varied over a range of values are indicated by the symbol
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I has on system performance and design. The lower limit (peak load current - I,, so that If - 12/2 at the half-
for this range of values is obtained by scaling presently power point), AE - 0 and
demonstrated switch-opening rates (e.g., -125 Wpjzsec at

S1= 450 kA on EYESS' 6) with the inverse of the con- ( 12
Suction current [so that dRk.jdt - 125 LVzsec (0.45/25 11= - - 1- + --
MA) = 2.25 /dpsec]. This assumes that the voltage at the ,V,2 1 1 0i
switch remains the same. Vb is varied between 0.25 and 2 2I 1.25 MV in Run 4 to study system design requirements
and performance for both high- and low-voltage banks. -0.5 - .(4)
With VL = 3 MV, Run 5 considers the advantages and dis- 2 L

- advantages of using series diodes. In Runs 5 through 7, For 0 - rJ2, CVj2/2 = 1_2/2 and, thus, il -0.5 - LL/2L.
dRJwdt is varied between 2 and 40 W'iisec. Run 6 inves- This same result can be obtained using flux conservation
tigates the difficulties of reducing the pulse width. Lastly, arguments. For 0 <an12, il Wil be less because energy is
Run 7 studies the effect of increasing the required load arguments. Fnrthe<cap 2,ito wilnkbenlessbecause5enerqyaisi nrgyifreape vsre id sls efficient in 14il left in the capacitor bank (note: qmnx - 0.5). Equation
-ener if, for example, a series diode is less provides insight into why -q decreases lineady with LL.* coupling electrical energy to radiation. Empirically scaling -q with LL from the data in Figure 2c

For each of the runs, data are presented in a set of yields
curves plotting L, C, M, and 'r as a function of one of theI two variables with individual curves parameterized by
the second variable. Surface plots, which provide better =i(e,LL= 0) -0.2 LL (15)
visualization of the trends in the data, are given in Ref- 15U erence 15. With the exception of Run 2, the third design where i1(0, LL = 0) is the efficiency for firing angle 0
parameter R. only varies slightly over the range of when LL << I. Equation 15 is scaled with IL rather than
variables studied. Thus, it is only plotted for Run 2 where L because Figure 2a or 3a shows that L varies with both
the gap-closure time is varied. 0 and LL. From the results displayed in Figure 2c and a
Run 1comparison of -quations 14 and 15, it is concluded that
Run 1,arymg0and . L -2.3 Ls for the optimum system. This conclusion is

In Run 1, 0 and LL are varied to study their effects on also consistent with results from the other code runs of
the design parameters. A bank voltage of 750 kV is this study.I chosen to model the capacitor banks presently being
studied for use in Decade. A large gap-closure time, , = Other trends in the data seen in Figure 2 should also
1,000 nsec >>» , is chosen so that gap-closure effects be noted. The efficiency peaks at a firing angle of about
can be ignored for the moment. A switching rate of dRsj 2ir/5 (see Figure 2c). Note that cc is about 350 nsec for
dt = 4 Dl.sec was chosen. Figure 2 shows the data from this value of 0. For 0 larger than this value, some energy
this run. The peak load resistance was found to lie be- from L begins to recharge C during opening, and thus
tween 0.058 and 0.06 Q for the range of variables reduces TI. The efficiency decreases as 0 decreases belowI studied for this run. The higher values of R. occur at 2n/5 because, as the switch opens earlier, a larger frac-
larger 0 and larger LL. The peak load current and load tion of the energy is left in the capacitor bank (and is un-
power vary only slightly with 0 and LL for this run and available to drive the load for cp <<'vc). Since EL is fixed,
are found to be about 26.5 MA and 40 TW. These results this also implies that C must be larger for smaller 0 (seeI all agree with the scaling relationships found for Ro, IL, Figure 2b). However, if rc = 0(LC)11 2 becomes small
and PL (i.e., Equations 3 and 4, and P - EItrp) because enough (compared with "rp) as 0 decreases, significant
these three quantities are all independent of both 0 and energy will pass from C through L to the load during Tp.
LLn This allows for smaller L as 0 decreases, since less energy

Fhas to be stored in the inductor (see Figure 2a). L alsolinearly decreases as LL increases to maintain the proper (L + LL/
as LL increases for all firing angles. Since EL is fixed, C RL decay for the pulse width. L does not decrease lin-
must increase with LL as il decreases, as shown in Figure early as expected from this argument because the rise
2b. To understand this -q scaling with L, consider the time of the load power pulse also increases as LL in-U following: If at t = •c the current in L is lo, and if at t = tieothladpwruseloinessasLi.following:ifatt=, theld current is L tn fm c eatond of a creases. This requires the proper decay rate to increase
r-c + tj/2 the load current is If, then from conservation of somewhat with LL so that L does decrease, but not lin-

* energy early with LL (see Figure 2a). The conduction time rc
L 2 Lranges from about 200 nsec for 0 = n/4 to about 500

2 0L=I2 2L f +EL +AE (13) nsec for r/2 (see Figure 2d).

* The results of Run 1 show that a firing angle of about
Here, AE is the energy dissipated in the switch minus 2n/5 is optimum. It is also clear from Equation 15 that LL
(plus) any additional energy drawn from (returned to) the should be made as small as possible compared with L, to
capacitor bank during the time from rc to tc + tj/2. For an maximize efficiency.
overdamped system (t1/2 <<«Ta) and a fast opening switch

1 611



148

Theta (degrees)
0" 45.

(a) (b) U= 50.
o0 55.

qo • 60.
01 i "= 65.

70.
S75.

0n %8-rn X*-.

4- -.-- _X- -x= i [.

•~~~ x•--"--,- - - . 90. .., . ..
S-"v---.O 0

C: V _ _ _ _ _ _ _ _ "•

0 0

a.- : 0

0.100 0.325 0.550 0.775 1.000 0.100 0.325 0.550 0.775 1.000

LL/Ls YL5.L

(c) (d)

(0to---• --° - ,-,-

C4 (0

<0 CL0¶

0 C)

0.100 0.325 0.550 0.775 1000 0.100 0.325 0.550 0.775 1.000

L/Ls L1/Ls

figure 2. Run 1 plots of (a) 1(kL), (b) C(LL), (c) •(LL), and (d) ¶c(La) with curves parameterized by 0.

612



3., 149

i Run 2, Varying T and 0 opening rate is slower. Because of the increased com-
In Run 2, c, is varied to study the effect of gap closure petition for current between Rw and RL at slower switch-

on the system. Figure 3 shows the data from this run. The opening rates, the rise time of the load current is alsoS peak load current and load power for this run are about slower. This requires a faster I/RL decay once the current
26.5 h i. . and 40 TW, and vary only slightly with 0 and switches (.e., peaks) to maintain a fixed rxp. Thus, as seen
T until T drops below -200 nsec where the load power in Figure 4a, L decreases as dRsw/dt decreases. In addi-
oegins to decrease as r decreases. At x = 125 nsec, the tion, as the efficiency drops, C increases to maintain aI peak load power is ab6ut 38.7 TW. Figure 3c shows that fixed EL. As dR•,/dt decreases, L decreases slightly faster
the efficiency drops dramatically for -g, less than about than C increases. Thus, as shown in cigure 4d, rc de-
200 nsec for this case with tp = 76 nsec. Thus, to obtain creases slightly as dRsIdt decreases.
high efficiency it is necessary to have The results of Run 3 show that, as would be expected,

* > 3- p (16) efficiency increases as the switch-opening rate increases.
Beyond the opening rate given in Equation 17, there is

If Equation 16 is not satisfied, C increases as shown in little additional efficiency benefit. However, an added
Figure 3b in order to deliver the specified load energy at advantage to achieving the highest possible dRwdt is
lower efficiency. Because RL(t) decreases in time, R. in- that the point-design value for L increases as dR•/dt
creases as T. decreases to maintain the same fixed peak increases.
load voltage. Figure 3e shows the variation of Ro with T.I As shown in Figure 3a, L also increases as decreases Run 4, Varying V1 and dR,./dt
so that the average L/RL decay time of the load power is Vb is varied in Run 4 in order to study sysem design
appropriate for the specified value of rx Since both L and requirements and performance for both high- and low-
C increase nearly proportionately, neither 1. (see Equa- voltage banks. Figure 5 shows the data from this run. The
tion 1 0bU nor IL change significantly as r decreases, but peak load resistance was found to lie between 0.055 and
,c increases rapidly with decreasing -r. (see Figure 3d). 0.06 Q for the range of variables studied in this run. R,

The results of Run 2 show that gap closure can se- is nearly constant over the range of Vb, with the higher
I verely degrade efficiency if Equation 16 is not satisfied. values of Ro occurring at smaller dRsJdt. The peak load

For the small gaps associated with the low-impedance current and load power for this run range from about 26
diodes required for Decade, this is a major concern. MA and 39 TW to about 27.7 MA and 41.6 TW, with thei Although larger inductances can be tolerated as rý de- higher values occurring at higher dRsw/dt values. For
creases, this advantage seems far outweighed by the loss fixed dRsJdt, the efficiency (see Figure 5c), peak load
in efficiency. A large fraction of the extra inductance that current, and peak load power are all nearly constant over
can be tolerated may, in fact, reside in the capacitor the range of Vb. As seen previously, - decreases as theI bank, since the bank inductance will a!so increase in a switch-opening rate decreases below the value given in
realistic system as C increases. Equation 17. Since "l is nearly independent of Vb and EL

Run 3, Varying dRl/dt and 0 is fixed, C scales as Vb"2 . Figure 5b shows this scaling.
* In Run 3, dRw/dt is varied to investigate the effect that Figure 5a shows that L is roughly independent of Vb, in

switch-opening rate has on system performance and de- agreement with the scaling in Equation 5. Thus, cc
sign. Figure 4 shows the data from this run. The peak should scale as Vý", as seen in Figure 5d.
load resistance was found to lie between 0.055 and 0.6 The results of Run 4 show that -50 percent efficiency
Q for the range of variables studied in this run. The is attainable over the entire range of Vb studied, for dR,,/
higher values occur for lower dRs/dt and there was little dt > 5 W./sec. However, at lower Vb, longer cc is re-
variation with 0. The peak load current and load power quired for the same dRw/dt. Experimentally, dR,/dt isE for this run range from about 26 MA and 39 TW to about found to decrease as % increases. Staged switching may
27.7 MA and 41.6 TW, with the higher values occurring solve this problem if adequate single-stage switching is
at higher dRsw/dt values. For fixed dRsw/dt, the peak load not attainablI. Lower voltage banks have many advan-
current and load power are nearly constant over the tages that could be utilized if switching requirements
range of e. [Figure 8c shows, as expected, that the effi- could be met. For example, capacitors are combined
ciency decreases as the switch-opening rate decreases. largely in parallel for low-voltage banks and in series for
These results were used to determine the constant of high-voltage banks, so that the bank inductance Lb scales
proportionality for the scaling relationship in Equation 6.1 roughly as V'. Thus, Lb can be significantly lower in a
Choosing the point where TI rises to within 5 percent of low-voltage bank than in a high-voltage bank, freeing

its peak value (as dRswdt - cc) yields more of the total system inductance for the vacuum
feeds. Other advantages include design simplicity and

d dRsw 6.5 V2 (17) less severe problems with high-voltage breakdown.

dt EL Run 5, Doubling VL-Series Diodes
I For slower switch-opening rates, -q drops significantly With VL = 3 MV, Run 5 considers the advantages and

from its peak values for all 0. The efficiency drops be- disadvantages of using two diodes in series compared
cause more energy is dissipated in the switch when the
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with a single diode with VL = 1.5 MV in Run 4. Figure 6 0.122 n for the range of variables studied in this run.
shows the data from this run. Note that the range of Once again, R, is nearly constant over the range of Vb,
dR,./dt was increased to 40 0/jisec, since, as indicated with the higher values of Rk occurring at smaller dR•Jdt.
by Equation 17, the required switch-opening rate for high The value of R. is a factor of two smaller than in Run 5.

I efficiency is a factor of four higher a&, VL = 3 MV than at Smaller R. makes the gap-closure problem more severe,
1.5 MV. The peak load resistance was found to lie be- but the shorter pulse alleviates the problem somewhat.
tween 0.225 and 0.25 0 for the range of variables Thr value of L is smaller by a factor of four than in Run
studied in this run. This is a factor of fojr higher than for 5. Without the two-stage series diode, L would be re-

I Run 4, which agrees with the scaling ot Equation 3. Each duced another factor of four. The peak load current and
of the two series diodes would have Ro - 0.125 a, or load power for this run range from about 25.3 MA and
about twice the resistance of the single diode in Run 4. 75.8 TW to about 27.2 MA and 81.6 TW, with the higher
Again, Ro is n.early constant over the range of Vb, with values occurring at higher dR"Jdt values. The values for
the higher values of Ro occurring at smaller dRs/dt. The peak load power are twice as high as in previous runs,
peak load current and load power for this run range from because EL is fixed and tp is two times smaller. For fixed
about 12.6 MA and 37.8 TV to about 13.7 MA and 40.8 dR./dt, the peak load current and load power are nearly

I TW, with the higher values occurring at higher dR./dt constant over the range of Vb.
values. The peak power is about the same as in Run 4, The results of this run show that to obtain a shorter
while the peak current is down by a factor of two. For power pulse width, inductance constraints and gap-
fixed diz/dt, the peak load current and load power are closure concerns are further strained. Gap closure is

* nearly constant over the range of Vb. Since L. increases more severe because Ro (and gap size) scales linearly
S by a factor of four when VL is doubled, Equation 5 im- with 'p; however, the shorter pulse itself reduces the gap-
plies that L should be four times larger than in Run 4. closure problem. Series diodes can be used to alleviate
This is confirmed by comparing the data in Figure 6a the problems associated with reduced Tp, again at the

I with those in Figure 5a. A four-times-larger LL can also be of improved switch performance.
tolerated without degrading efficiency. With C the same expense
and L four times larger, rc is twice as large as in Run 4. Run 7, Increasing EL

* The results of Run 5 show that using series diodes has Lastly, Run 7 studies the effect of increasing the re-

many advantages. Generalizing to N diodes in series, quired load energy if, for example, a series diode is less

both L and LL can be increased by N2, making the physi- efficient in coupling electrical energy to radiation than a

cal constraints on inductance more tolerable. In addition, single diode. Figure 8 shows the data from this run. Re-

3 the total load resistance increases by N2, so (hat each of sults should be compared with Run 6, since the shorter

the N diodes has a resistance N times higher (remember 38-nsec power pulse width was used for this run. The

that Ii decreases by a factor of N). This will alleviate the peak load resistance was found to lie between 0.0925

r ap-closure problem, because resistance scales roughly and 0.102 Q2 for the range of variables studied in this run.

linearly with gap for a pinched-beam diode. These ad- The decrease in R. from that found in Run 6 is in agree-

vantages are also gained without sacrificing dose rate. If ment with that predicted by Equation 3. As in previous

the dose rate for an endpoint voltage of V0 scales as Vo,, runs, Ro is nearly constant over the range of Vb, with the

* then the dose rate from Run 4 would be IoVoc. For Run higher values of R. occurrng at smaller dR•Jdt. The
* 5, the dose rate is N(IoN)[(NVo)/N] which is equal to peak load current and load power for this run range from
the dose rate for Run 4. Here, the leading N accounts for about 30.3 MA and 91.2 TW to about 32.8 MA and 98.2

the N diodes in series, lI/N is the current in each diode, TW, with the higher values occurring at higher dR•/dt
and the expression in the square brackets is the voltage values. For fixed dRw.dt, the peak load current and load

on each diode (i.e., the full voltage NV0 divided by the power are nearly constant over the range of Vb. From

number of diodes in series). The major disadvantage with Equation 17, the required switch-opening rate for high

* using series diodes is the required enhancement in efficiency is somewhat higher than in Run 6. The re-

switch performance; dR../dt and Ec are required to quired C is proportionately higher for the higher EL. Sim-
increase by a fator of t'e and N, respectively. Other ilarly, from Equation 5, L is proportionately lower. Thus,

disadvantages include inmr , sed diode complexity and "C is unchanged from its value in Run 6.

f high-voltage power-flow erns. The results of this run show that higher EL requires
higher C and lower L. As would be expected, this makes

Run 6, Halving Tp the capacitor bank larger and more expensive and the
* Run 6 investigates the difficulties of reducing the pulse inductance constraint more severe. Conversely, if a diode

width. Since Ro, L, dnd LL all scale unfavorably with 'Cp, design is more efficient at coupling electrical energy to

it is assumed here that a two-stage series diode will be radiation (and thus reducing the required Ed, then the

used. Thus, VL is set equal to 3 MV for this run. Figure 7 point-design value for C will be lower and the point-

shows the data from this run. As expected, the scalings design value for L will be higher. In this case, the capac-

for Ro in Equation 3, for L in Equation 5, and for LL in itor bank will be smaller and less expensive, and the
Equation 15 are all confirmed by the results. The peak inductance constraint will be less severe.

I load resistance was found to lie between 0.111 and
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S Scaling Equations satisfied. Under these same conditions, i 0.5, and
The data from these runs can now be used with the Equations 18, 20, and 23 provide scaling equations for

scaling relationships developed earlier (Equations 3 and PL, IL, and T.. Note that these equations are written onlyI 4) to derive approximate scaling equations. In deriving in terms of the three specified output parameters (Vk, EL,
these equations, it will be assumed that peak efficiency and ¶p) and Vb. If any of these conditions are violated, 11
and point-design parameters are desired. Thus, these will decrease and Equations 18 through 23 will rio
scaling equations assume that L. >> Ls, 0 - 21U5, and that longer hold.

* the conditions stated in Equations 16 and 17 for , and liciency Penalty Study
dR,/dt are well satisfied. Data from Run 4 are most ap-
propriate for this purpose, since LL - 0.1 Ls, 0 = 2W/5, Although the point-design parameter study identified
and = 1,000 nsec. Data in the range of dRsJdt = 16 a point-design value for L, such a value is not always
to 20"ISec will be used in order tobe well above the physically realizable. Because of inherent inductance in
limit of 6 D/pgsec set by Equation 17. Since the power the capacitor design, packing issues, voltage holdoff con-
pulse is not a square wave, the coefficient of propor- cerns, etc., a realistic inductance may be considerably
tionality between PL and EL/Tp must be adjusted for the larger than the point-design value. The purpose of this
wave shape. Empirically fitting this from the data yields efficiency penalty study is to evaluate the efficiency pen-

alty that must be paid in cases where this inductance1.25 ELconstraint plays a role. in addition to the efficiency pen-
PL 1.25 EL (18) alty, there is also a fidelity penalty when L exceeds its

point-design value. With C and Vb fixed for a particular
Using Equation 18 to rewrite Equations 3 and 4 yields bank design, the energy delivered to the load decreases

when the efficiency decreases. Thus, a fidelity penalty in
8 V? 0.8 terms of a lower EL (i.e., lower dose delivered during the(19) desired radiation pulse width) results when the point-EL design inductance is exceeded. Some dose is also deliv-

l and erer at late times because of the longer-than-desired
pulse width.

L125 EL (20) When solving Equations 12a through 12c for the effi-
SV 1'P ciency penalty study, Ro must be chosen so that the solu-

tion yields the specified values of V1. To do this, aSimilarly, Equations 7 and 5 can be used to derive scal- one-parameter shooting technique is used. 13,14 Again,
ing equations for the point-design values of C and L. details of how this technique is applied to this problemI Since these equations are meant to apply for systems de- are described in Reference 15. In this analysis, for each
signed at peak efficiency, q1 will be -0.5. Fitting the system with fixed capacitance C, the inductance is varied
equations to the data yields about the point-design value found in the point-design

parameter study. Parameters from Run 4 are used so that
c EL ( 0 = 2n/5, LL = 0.1 L., and -T. = 1,000 nsec. Vb is varied

2 and dRsw,/dt is set equal to -4 typical value of 4 ./psec.(Note that this value of dR,, 't is somewhat less than the* and -6 f/pJsec required by Equ,. ,on 17 for approaching peak
efficiency.) VL = 1.5 MV is the only specified constraint

1=2.32 (22) and is assumed to fix Ro. Equation 3 is evaluated from tL=.Ls=2.3(2 - c = 0 to a fixedtimet-r= T, where T = 76 nsec is
( 2 EL chosen for this study to keep the radiation pulse width

Finall a scaling equation for the conduction time, c = within the 40-nsec limit. EL and rp are not fixed, but are
0(LC)112, can be obtained using Equations 21 and 22. calculated for each system. If L is larger than the point-

* With 0 = 2r/5, this equation becomes: design value found previously in Run 4, rp will exceed T
and the efficiency will drop. EL also drops as the effi-

2.7 V•1p ciency drops. Note that the L,, which is used to define LLZc V(23) and scale the results in Figures 10 and 11, is the L, = 2.6
Vb nH calculated for the desired output specifications, with

Using the definitions G, = VL/Vb and G• =p/hc, Equation EL = 2.5 MJ, Tp = 76 nsec, and VL = 1.5 MV. This value
23 can be rewritten as GG, = 1/2.7 = 0.37, which agrees of L, will not vary with EL or tp as L is varied about its
with previous results. 3  point-design value.

f Equations 19, 21, and 22 provide scaling equations Results of the study are shown in Figure 9. Figure 9c
for the point-design parameters for a Decade-like system shows T1 as a function of Vb and L. The efficiency for the
assuming that LL << Ls, 0 - 2nr/5, and that conditions point-design value of L found in Run 4 is about 55
stated in Equations 16 and 17 forE, and dRIdt are well percent. The efficiency decreases for L greater than the

point-design value and increases for L less than the
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oint-design value. However, the increase in i is limited indicated by the solid dot in each cunre. In all cases, VL-- b EL.For he case displayed here with LL = 0.1 = 0.26 =1.5 MV, Vb = 750 kV, 0 = 2r/5, and X ,0 sc

nH, Il begins to decrease for L less than about 0.5 nH. AtL = 0.5 nHl, iq has already decreased from a peak value Equation 24 is compared with the calculated effi-
-- . H, a araydcesd rmapa au ciency for three different values of dRsJdt in Figure 10

* of about 60 percent to about 50 percent. Since the cien ., for three different values of L inI_ energy stored in the capacitor bank is fixed for a given Vb with LL = 0.1 Is and for three different values of Lt in(remember C is fixed), as L increases the peak current Figure 11 with dRsvJ/c& = 4 •/ptsec. Results show that a
will decrease. Thus, Ra will increase with e to maintain significant efficiency penalty must be paid if L is largerwild ce s .T u ,R-il-n r a e wt o m i ti than the point-design value (indicated by the solid dot).
the specified peak load voltage. This is seen in Figure 9a. Enhanced efficiency for L less than the point-design value

- The peak load power also decreases as the current drops is !imited by LL. The efficiency derived from ideal circuit
with increasing L. This is shown in Figure 9b. Finally, as i s (E q by o e. The efficiency

* would be expected, Figure 9d shows that rc = 0(LC)W12 considerations (Equation 24) overestimates the efficiency* increases as L112 and scales as V1"1 (see Equation 23). for smaller values of LA.$. The lower efficiency at small
Because 'c increases when L is larger than its point- LAL, found here results from energy lost to the switch re-design value, the switch must conduct for a longer time sistance and load inductance. Figure 10 shows that thebut still open at the same rate. Thus, in addition to the calculated efficiency decreases for all values of LA, as
efficiencydRsw/dt decreases. Figure 11 shows that the calculated
more severe when L is larger than its point-design value, efficiency decreases for all values of L/I, as LL increases,

eand that, for a given value of LL, the efficiency peaks and
*Previous analyses2- 4 have shown that the efficiency begins to drop off rapidly for L less than about 2 LL.

S for a circuit with an ideal switch (i.e., one with dR thedt=.a), LL, = 0, and constant load resistance (i.e., • = o) For large L/L~s, the efficiency calculated here can be
= -), LLxpred c tant lsomewhat higher than that predicted by the ideal curve.Because of the finite rise time of the load current in theI rji = sin 20 [1 - exp(-4 LVU) (24) nonideal case (i.e., when dRsJdt is not infinite), the peak
"The Ls used in Equation 24 is also the value obtained load current is less than in the ideal case (i.e., when
from the desired output specifications, which again is 2.6 dRtJdt is infinite). Consequently, for fixed peak load
nH for the case considered here. Results from Figure 9c voltage, Ro must be larger for the nonideal case. For a
for i1 at Vb = 750 kV (with dRs/dt = 4 Wp/Isec and LL = given L, this allows energy to be dissipated in the load
0.1 L) are plotted against Equation 24 in Figures 10 and faster (i.e., L/R0 is smaller and the pulse is narrower) in
11. Results from other runs with different values of dRsj the nonideal case; in some cases, slightly higher effi-
dt and LL are also displayed in Figures 10 and 11. For ciency is obtained because of the shorter pulse width.
each set of parameters that defines a curve in Figure 10 The results of this study provide quantitative informa-
(displayed in Figure 11), C is set equal to the point-design tion about the efficiency penalty for using a storage in-I alue found in Run 4 (Run 1). Thus, C is constant along ductance that is larger than the point design inductancevfound in the point-esign parameter study. The decrease
curve to curve. The point-design value for L also varies in EL, which translates into a fidelity penalty in terms of
from curve to curve, and its value relative to L, is

U100 100

V. = 750 kV V. = 750 kV
L=.1L, dR,,ý/dt = 4 0/psI --- dR*,,/dt Ol..L.

..... 4sosC 5 O.5L,S50

0 0I
0 S 10 IS 7.0 0 510 15 20

L/LG L/L,

Figure 10. Efficiency penalty study plu!s of Iq versus Figure 11. Efficiency penalty study plots of "q versus
l.A,. for various switch-opening rates (for reference, Equa- LA/, for various values of LL (for reference, Equation 24 is
tion 24 is plotted as the "ideal" curve), plotted as the "ideal" curve).
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a decrease in dose, can also be obtained by comparing voltage banks have many advantages that could be
the efficiency at any L (greater than the point-design L) utilized if the switching requirements can be met.
with that at the point-design L (indicated by the point on For example, capacitors are combined largely in
each curve). The energy delivered to the load for that L parallel for low-voltage banks and in series for
will then be the desired EL = 2.5 mJ reduced by the ratio high-voltage banks, so that the bank inductance Lb

w t n t d r e al i s t i v a l u e s o f r e d d d th r a I s c a l e s r o u g h l n a b ' T h u s , L b c a n b e s i g n i fi -
of the efficiencies. For realisticcany low-voltage bank than in a high-

the efficiency can be significantly less than that derived vontagelbwer .iThisowreestaoreban th a inta high-
in Equation 24 from ideal circuit considerations. How- inductance for the vacuum feeds, and reduces the
ever, efficiencies -20 percent or larger are still theoret- voltage applied back onto the capacitor bank once
ical!y achievable with these realistic values of LL and the switches open. Other advantages include
dRsw/dt for L/Ls as large as 10. In addition to the effi- design simplicity and less severe problems with
ciency penalty, tc also increases as L is increased beyond high-voltage breakdown.
the point-design inductance, making the switching re- 2. Results show that there are many advantages to
quirements more severe. using series diodes. With N diodes in series, both

L and LL can be increased by N2, making theConclusions physical constraints on inductance considerably
The purpose of the point-design parameter study was more tolerable. In addition, the total load resistance

to determine the design for a system that provided pre- increases by N2, so that each of the N diodes has
cisely the desired output specifications for VL, tcp, and EL. a resistance N times higher. This also alleviates the
The point-design parameters C, L, and Ro were deter- gap-closure problem, since resistance scalesmThe ping the three-parameter shooting technique for roughly linearly with gap for a pitiched-beammined using theathree-parametaes r shooting, d tehnie fr diode. These advantages are all m.,d without
range of assumed values for 0, LL, , dRs/dt, and Vb. sacrificing dose rate. The major disadvantage of
The output parameters, VL, EL, and Tp, were chosen to using series diodes is the required enhancement In
match Decade bremsstrahlung radiation specifications. A switch performance. dRlyjdt and t= are required to
number of design guidelines for maximizing the effi- increase by a factor of N2 and N, respectively.
ciency were obtained from this study: Other disadvantages include increased diode

1. Firing angle 0 should be -2W5 complexity and high-voltage power-flow concerns.
3. Results show that to obtain a shorter power pulse2. Load inductance LL should be made as small as width, inductance constraints and gap-closure con-

possible (Equation 15 quantifies the efficiency pen- cims ardurther straine s adiodes canbe csedairy or n nzer LL)ce res are further strained. Series diodes can be used
airy for nonzero Ld) to alleviate this problem, again at the expense of

3. As indicated by Equation 16, the diode gap-closure improved switch performance.
time should be >3Tp 4. Results also show that lower radiation production

4. The switch-opening rate should be as large as pos- efficiency and, thus, higher EL requires higher C
sible. and lower L. As would be expected, this makes the

capacitor bank larger and more expensive, and theThe efficiency is within 5 percent of its peak value when inductance constraint more severe. Conversely, if
Equation 17 is satisfied. When all four of these conditions a diode design as more efficient in coupling elec-
are satisfied, Equations 19, 21, and 22 provide scaling trical energy to radiation so that the required EL de-
equations for the point-design parameters C, L, and Ro creases, then the point-design value for C will be
for a Decade-like system. Under these same conditions, lower and the optimum value for L will be higher.
1 = 0.5 and Equations 18, 20, and 23 provide scaling In this case, the capacitor bank will be smaller and

equations for PL, IL, and cc. All these scaling equations less expensive, and the inductance constraint will
are written only in terms of the three specified output be less severe.
parameters (VL, EL, and tcp) and Vb. If any of these four The results of the inductance penalty study provide
conditions are violated, 7i will decrease and these scaling quantitative information about the efficiency penalty for
equations will no longer strictly hold. using a storage inductance that is larger than the point-

A number of other observations can be made: design inductance found in the point-design parameter
study. For realistic values of LL and dRs•Jdt, the effi-

1. Results show that the only major difference ciency can be significantly less than that derived in
between the design and performance of a lower Equation 24 from ideal circuit considerations. However,
voltage bank compared with a higher voltage bank efficiencies -20 percent or larger are still theoretically
is the longer switch conduction time, which, from achievable with these realistic values of LL and dR&/dt,
Equation 23, scales as V;'. An efficiency of -SO even for L/L, as large as -10. The optimum value for L./percent is attainable over the entire range of Vb Ls is typically approximately 2.3. There is also a fidelity
studied, if dR,,)dt can be maintained with in-
creasing "-r. Longer -c, with the same dRa4 dt is penalty when L exceeds its point-design value. With C
equivalent to requiring a higher voltage gain from and Vb fixed for a particular bank design, the energy
the switch. Typically, however, dRaJdt is found delivered to the load decreases when the efficiency de-
experimentally to decrease as -T increases. Staged creases. Thus, a fidelity penalty in terms of a lower EL
switching may solve this problem if adequate (i.e., lower dose) results when the point-design induc-
single-stage switching is not attainable. Lower tance is exceeded. With the efficiency at the point-design
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* value for L at -50 percent, the energy delivered to the 2. R. Miller, W. Rix, and A. Wilson, "ML1 DFCADE System Devel.
load at efficiencies of -20 percent is -1 MJ. In addition opment," Proceedings of the Defense Nuclear Agency Advanced

Pulse Power Conierence (Albuquerque, NM, July 3 1-August 3,to the efficiency and fidelity penalties, "tc also increases 1990), DASIAC TR-90-006, p. 7.29 (U).
as L is increased beyond the point-design inductance, 3. J.M. Ned, Modeli',g ofSingle Stage Inductive Storage Systems formaking the switching requirements more severe. x1O with Combined Switch/Load Models, NRL MR 6502, 1990

Aside from the obvious engineering goals of minimiz- (U).
ing LL and holding L down to a value as close as possible 4. j. Shannon, Simulator Development Using Compact Marx Gen-

* to its point-design value, it is clear from this analysis that erators, Maxwell Laboratories, MLR-3073, 1988 (U).

there are three areas of research where advances would S. M. Krishnan and P. Sincemy, The Inductive Store Simulator Devel-
opment Prograr at Physics International Company, Physics Inter-have a major impact on the design of inductive gener- national PIIR 1-N8 (U).

I ators. These areas include opening switches, series 6. M. Krishnan, "Design Considerations for Inductive Store Simula-
diodes, and advanced bremsstrahlung diodes. Improve- tors," DNA Opening Switch Workshop (Alexandria, VA, January
ment in switch-opening rate will enhance efficiency, and 30 - February 2, 1990), unpublished (U).
extension of switch conduction time, while maintaining 7. J.R. Boiler, S.J. Stephanakis, S.A. Goldstein, and G. Cooperstein,I an adequate opening rate, will allow for the use of series "Series Diode REB Experiments," Bull. Am. Phys. Soc., Vol. 27, p.
diodes. Development of multiple-stage series bremsstrah- 991, 1982 (U).

lung diodes will alleviate both the inductance constraint 8. I.D. Smith, LJ. Demeter, and K.E. Neilsen, U.S. Patent 4 359 660,
a nd the gap-closuce problem. And, more efficient 1982(u).
radiation converters in advanced bremsstrahlung diode 9. G. Cooperstein, J.R. Boiler, R.A. Meger, J.M. Nei, and S.J. Ste.

phanakis, "Progress in Bremsstrahlung Diode Source Develop.designs will reduce the size of the required capacitor ment," Meeting Record - DNA Pulsed Power Review and SDIO
bank and also alleviate the inductance constraint by re- Update (Las Vegas, Nevada, 1986), E.E. Stobbs, R.J. Commisso,
ducing the required load energy. Research in all these and J.M. Neri (eds.), pp. 654-664 (U).
areas will be essential to attain the goals of the Decade 1o. j.M. Neri, "Bremsstrahlung Diode Source Development at NRL,"
program and to move toward the goals of Century. Meeting Record - DNA Pulsed Power Review and SDIO Update

(Las Vegas, Nevada, 1986), E.E. Stobbs, R.J. Commisso, and J.M.
In the future, effects of finite transit time, bank re- Ned (eds.), pp. 485-510 (U).

sistance, safety resistors, and insulator flashover will be 11. J.C. Riordan, J.S. Meachum, I.E. Faulkner, and NLI. Wiley, "Effi-
investigated. In addition, physics models for both the cient Production of Soft Bremsstrahlung with Series Diodes," Bull.

switch and the load will be incorporated into the Am. Phys. Soc., Vol. 34, p. 2102,1989 (U).

a nalysis. Finally, staged switching will be considered, 12. V.J. Harper-Slaboszewic, J.R. Lee, MA. Hedemann, G.T. Baldwin,

particularly in looking forward to Century design J.W. Poukey, L.J. Lorence, Jr., G.A. Carlson, W.E. Fowler, .D.L.
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