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SECTION ONE
OVERVIEW

This final report covers work performed by JAYCOR under Contract N00014-89-
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 3G, 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 the
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 uifset 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




SECTION TWO
INTENSE ION BEAM GENERATION

Research on ion beam generation involved characterizing and developing several
versions of ion beam extraction diodes. This Section discusses the development of
pinched-beam ion-extraction diodes on GAMBLE II (Section 2.1), equatorial pinch-reflex
diodes on FBFA II (Section 2.2), and the magnetically insulated diode (MID) on
GAMBLE I (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
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
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 11
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"
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.

Characterization of the ion beams produced by these diodes included a
determination of the beam microdivergence resultant from the diode. A detailed, threc-
dimensional numerical calculation was performed, employiog a model for the time-
dependent focusing in the anode-cathode gap. Measured diode clectrical 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
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-bear: diode
was performed, yielding approximately 175 mrad of microdivergence. This increase in
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-
fluerce experiments (see Sec. 3.7).

2.2  PBFA II Equatorial Pinch Reflex Diode Development

The equatorial pinch reflex diode (EPRD) is a barrel shaped version of the
pinched-beam diode described above. This diode is a possible load for the Particie Beam




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-
confinement-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? 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. )

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 GAMBLE 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 allow 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 cn 2 low-impedance
generator. Partially successful results were obtained although the diode exhibited a
relatively long delay before the onset of ion current. This delay resulted in an early, high
impedance phase of the diode and an inefficient coupling 1o the generator.

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 forination is decoupled from tt :
electron flow in the diod=. 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 on
Gamble I, a plasma opening 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 puiser was used to drive the
foil current. This pulser was triggered from the generator in such a way as to minimize the
jitter between the pulser and the generator. Both of these approaches showed
encouraging results, and work in this area is ongoing,
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lon Beam Microdivergence for the Standard Pinch
Reflex Diode

D. V. Rosc 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, O, for the large radius (anode radius ~ 6.0 cm),
"backed” pinch reflex ion diode (standard PRD). Previous work determined
the micradivergence 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 O, ~ 125 mrad.

The GAMBLE II diode is modeled as having a radial bending angle
0, which acts to focus ions towards the axis afier 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 thiz
feature on focusing. This is 1epresented in the total bending angle as

0k=@ba+05p (1)

where the normal bending angle component is

w.A

O, = v, (2)
and the bending due to the pimple is
ré 72
Oy = ;?n-c:rp (— 27'1”—) . (3)
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In the above equations, w, is the ion cyclotron frequency and is given as (in

MKS units) 2

HotldLd

. Y= ormiR’ )

with R being the radius of the anode (6.0 cm). For this work § is given

as 8,t(ns)/60 and é, is 1 or 2 mm for normal and double height pimples
respectively.

This model is incorporated into a computer code [4] 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 c¢m (shot
5261, 1220 cpm) and 27 cm (shot 5262, 1260 cpm) from the anode surface.
Ions are Jaunched from the Kimfol surface at radial angle ©, and randomly
placed within a microdivergence cone of half-angle O, about ©;. 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-int2grated 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
torr air).

In order to determine the microdivergence, a set of code runs were con-
ducted over a range of @, 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 1eferred 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
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) 0, Yield (arb. units)
Shot | mrad 5,=0 | §=1 mm | =2 mm
5259 25 4.7650145
5261 » 2.6100777
5262 » 3.0324174

5259 | S0 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 r 2.2027619
5262 | 7 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 ? 1.3144040 | 1.4247432 | 1.3269813
5262 i 0.8513496 | 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 |

Table 1: Matrix of computer runs and resultant yields.
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[(©.(mrad) [ 5,(mm) | B/A [ C/A [(B-C)/A |

Experiment - 195 | .201 -.006 |
25 2 .548 | .636 -.089
0 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
125 0 276 | .179 097
” 1 299 | .191 .109
” 2 278 | .184 095
150 0 223 | 132 091
” 1 277 | 139 .089
” 2 211 | .131 .080

Table 2: Experimental and calculated yield ratios.

considered a qualitative indication of the experimental error associated with

the experimental measurement.
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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. 1In 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.
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1. INTRODUCTION

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
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
tip. The front of this interior cylinder is usually covered with
a stretched, vacuum-tight polycarbonate foil (Kimfol) of 2 um
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
charge- and current-neutralization of the ion beam. The anode
consists of a stretched, 102 pym 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 gm
thick aluminum washer is placed in contact with the polyethylene
foil to define an equipotential surface across the cathode tip.
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
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").

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,
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
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
that constitute the anode structure. We thus proceeded to reduce

14
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the mass of the anode structure to the extent possible by
decreasing the thickness of the anode foil and essentially
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 Bé¢-producing
button at the center; instead there is an essentially-infinite
vacuum space upstream of the anode foil in which electrons follow
paths the nature of which one can only speculate upon at this

time.
2. RESULTS

All the data which will be presented were taken with
Gamble II operating in positive polarity and the Marx generator
charged to #36 kXV. The cathode was as described above with its
tip aerodagged. The I, structure was placed so that the Kimfol
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
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
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 (I V... 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
anodes. The nature of Bremsstrahlung production will be
discussed in detail in an upcoming technote dedicated to the

subject.

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
anodes. In these shots, the annular ring thickness was kept
constant at 178 um. Second, the effect of annular ring thickness
will be evaluated with the reflexing foil thickness kept constant
at 12.7 um. Finally, once the optimum reflexing foil and annular
ring thicknesses are chosen, the comparicson will be made between
backed and unbacked anodes using the chosen foils and aluminum

annuli.
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2a. Effect of reflexing foil thickness

The data shown in Figqures 4, 5, 6, and 7 compare three
shots where the reflexing foil thickness was changed from 102 um
(#4707) to 12.7 pm (#4705) to 1.8 um (#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 folils are more
efficient producers of ions at earlier times with no significant
difference between the 1.8 um and 12.7 um 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 gm thick foil. The one caveat
about this data is that, due to material availability, the 1.8 um
foil was non-aluminized polycarbonate (Kimfol, C;¢H;,03: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
properties and/or the proton content of the resulting ion bean.

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 um 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 faster than in the other two cases and flattens out
at the 1.5 g 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 Iy 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 eff1c1ency,
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 to
lead to more predictable symmetric pinching of the electron bean
and thus a better-centered ion beam.

2¢c. 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 pym thick with a 178 pgm thick annular metallic ring

19
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across the cathode tip. So now the question remaining to be
answered is whether such a diode behaves similarly to the
“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
one for the vnbacked 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
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

We have experimentally arrived at an anode design for the
pinch reflex diode which minimizes diode debris while maintaining
(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 effects 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 fiush attachment
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
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-
anode 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"
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.

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.
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ABSTRACT:

EXPERIMENTAL STUDY OF THE “BACKLESS ANODE' PINCH-
REFLEX DIODE AS A BREMSSTRAHLUNG RADIATOR

S.J. Stephanakis, J.R. Boller, J.C. Kellogg,
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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 2Z (typlcally 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 exper1menta1
sessions one in p051t1ve and one in negative polarlty
These experiments confirm that electron reflexing
through high Z anode foils does occur and should be
serlously considered for future Bremsstrahlung diode
designs. Such reflexing can be 51gn1f1cantly 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 optlmlze the diode design
for Bremsstrahlung radiation will be discussed.

THIS REPORT REPRESENTS
UNPUBLISHED INTERNAL
WORKING DOCUMENTS AND
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OR DISTRIBUTED




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
sessions were separated in time by several months and the
diagnostics (photodiocde 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
observations concerning the two configurations and their
similarities and differences can and will be made in the Summary
and Conclusions Section.

2. POSITIVE POLARITY RESULTS

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 2um
Kimfol covering the Ingr monitor was in all cases located 8mm
downstream of the cathode tip and 13mm from the anode (5mm A-K
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
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 CH; anode. ‘' However, once the ion current is
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initiated, it reaches its peak in about half the time of that
required for CH; anodes. In addition, the ion current and ion
efficiency (defined as Ingr/Iour) are actually higher for the Ta
anode than for the CH, 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
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 thickn2ss to 4 mils we were able
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
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
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.
Note that the non-reflexing case produces about 2.5X less
radiation than the reflexing cases for the same thickness Ta
foil. 1In additicn, the 0.5 mil Ta reflexing anodes produce
almost as much radiation as the "standard" Bremsstrahlung,
converter. At tb*~ point, it is not known to what extent
reflexing occurs the 2cm vacuum gap behind the 4 mil foil; it
is possible that 1r 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
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.
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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 asscciated with the onset of significant ion current and
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 occuvrs 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 (Igyr). This requires
the subtraction of the ion current trace (Ingr) from Igyr and the
shape of Ipngr 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 V,JI. as illustrated in Fig. 7. As
expected, no match could be found when Igyr was used rather than
I4. A similar exercise performed for the shot with no reflexing
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 @ combination of
high energy electrons passing once throﬁgh the Ta foil, the same
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 2 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
shown in Fig. 8. It is essentially a mirror image of Fig. 1
except that for most shots the cathode was totally hollow. No
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
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
five, equally-spaced CaF,; TLD’s were arranged along a diameter of
a 6" circle at a distance of 12.5cm from the anode converter.

The average dose over the 150 - 200cm? covered by the TLD’s was
9.5 + 1.3kRad Si (11.0kRad 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/d? scaling with distance from the source when
compared to the dose @ 12.5cn.

The next set of shots used a purely reflexing anode
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
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vacuum-sealed by the usual melamine/boron-carbide end-plate so
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
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 ~6%5 Rads Si. Taking
this expected dose into account as well as the ratio in 2’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
only take 0.035X electrons of the same energy interacting with
the BC target to produce the extra 400 Rads Si observed. The
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" dia tube followed by a 20" long, 20" dia tube
replacing the 6" tube shown in the figure to test the possibility
that the reflexing chamber diameter had an effect on the physics
of electron reflexing and thus altered the radiation properties
of the backless-anode diode. The result of this test was clear-
cut in that the two shots were identical in all respects.

At this point in the experimental session, one observation

was becoming very apparent. The photodiode signals from the
shots described above, were all well-behaved, single-humped and
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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
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 ~80Onsec) 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 werth 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
cathode plate insert is used. This observation, coupled with the
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increase of the first hump of the x-ray pulse suggests that the
cathode plate insert (Kimfol) helps make for more efficient
electron reflexing through the Ta anode foil.

Further confirmation that the presence or absence of ion
current is directly dependent on the presence or absence of a
cathode insert is illustrated in Figures 13 and 14. Figure 13
shows that for a totally hollow cathode, we can adequately match
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 I¥V2 and I{V28 do not match the
experimental FWHM of the PD. Figure 14, on the other hand,
clearly shows that no match to the experimental trace can be
found without taking into account the ion current (which in
negative polarity was not measured).

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
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
dicae 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.
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(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 clear
evidence that reflexing is real and beneficial to Bremsstrahlung
production.

(d) In the absence of ions, the 4-mil Ta, “standard"
configuration is the best x-ray emitter (-3 times better than the
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 backless
anode is twice as intense when a cathode insert is used than when
the cathode is totally hollow.

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. 1In 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 been suggested before,
electron reflexing can probably be optimized by replacing the
virtval 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.
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ABSTRACT .

FOCUSED PROTON POWER DENSITY PREDICTION FOR PBFA II USING AN
EPRD DIODE
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The Equatorial Pinch Reflex Diode (EPRD) is a barrel shaped
version of the pinch reflex diode and is suitable for fielding
on PBFA II. 1In 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?
may be achievable using protons at 8.8 MeV with a 6.5-cm
radius, S-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/cm? for
3.3 MV protons and about 21.5 TW/cm? for 5.7 MeV deuterons,
again with the 6.5-cm radius diode.

THIS REPORT REPRESENTS
UNPUBLISHED INTERNAL WORKING
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REFERENCED OR DISTRIBUTE
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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
the diode (height of the top or the bottom), and D is the initial AK gap.
The NRL transmission line code, BERTHA?, 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
(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 1I. 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
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 SNL?® were used to
arrive at a reasonable diode model for the EPRD. The model includes a
electric field threshold for turn-on (E,), a diode turn-on phase (t,), a
space charge limited flow phase (I,), a critical current phase (I ), an
enhanced ion flow turn-on phase (t;), ion enhancement factor due to
electron reflexing (a), and AK gap closure (v.). For the runs considered
here, the values used for the fixed parameters were E, = 0.1 MV/cm,
t,=8 ns, and v, = 2.5 cm/ps. The ion turn-on time, t,, was varied from
15 to 30 ns, and the ion enhancement factor, «, was varied from 1 to 2.
Enhanced ion flow begins when the critical current is reached with

I_ = 1.6 (8500) By R/(D-v_t) , (1)
and

I, m, oy o+ 1 /2y

T "%} m "2 p-ve £ ’ (2)
e 1 Cc

where f(t) represents the turn-on of the ion enhancement. Here it is
assumed that £(t) increases linearly from D/H to 1 during the ion turn-on
time t;. 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

Ii
LT P - &
1 e

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

(21,)V
i '4——1—5 , (4)
x(RG“)

where 2I, is the full machine current, so that 7 is the peak power density
for the full PBFA II (top and bottom). For the EPRD, the best values to
date for 6, 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 should 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.

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 21/2 for deuterons and
n; is then appropriately reduced using Eq. (3)]. Shot 1000 used an initial
AK gap appropriate for a matched load impedance of about 4.4 Q at peak
power in order to draw the maximum amount of energy frum 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 Q and 1.1 @ 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 Q was again
used. In order to study the effect of longer ion turn-on time, t; was
increased from the 15 to 30 ns for Shot 1010. In addition to longer t;, a
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 t;
is as long as 30 ns and a is as small as 1 (cecvresponding to Shot 1011),
while Ref. 1 suggests the shorter t, and the larger a (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). 1In
addition, the smaller R will provide larger power density on target for the
same 6, (see Eq. 4)).

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 (CURO6), and energy
(ENRO6) at point A (see Fig. 2) upstream of the MITL section and at the
load (VOL20, CUR20, ENR20), the ion current (IONO7), the open circuit
voltage (VOCOl), 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
addition, the values of power density on target, #% , quoted in Table 1 are
peak values assuming 6, = 35 mrad and no steering errors. Note that the
last column lists the power density for the full diode on PBFA II (top and
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
couples best at the matched load value of 4.4 Q (Shot 1000), the ion power
is reasonable over the full range of load voltages (impedances) because of
improved n, at lower impedance. In fact, the largest P, occurs for Shot
1001, which 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, shews that reduced reflexing
can degrade performance. Shot 1012 demonstrates two effects. First, it
shows an improvement of n, 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
larger H/D enhancement of the ion current. Second, for the same €, better
focusing is obtained at smaller R. Although Shot 1002 (100l) 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
scaled from the results of Shots 1000-1002 yielding about 26.8 TW/cm? on
target at about 5.7 MV and 22.3 TW/cm? on target at about 3.3 MV for
protons. Scaling down the 5.7 MV case to account for the higher mass of
the deuterons yields about 21.6 TW/cm? 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
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. 1In principle, steering errors can be adjusted for, while
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
the diode. Electrons, reflexing along the anode foil, will also eventually
run out of energy and thus limit H.

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
sharpening. 1In addition, the low load impedance (1.1-4.4 Q1) favors good
POS/load coupling. The EPRD also has no applied magnetic fields to affect
power flow in the feed which again favors good P0OS/load coupling. Thus,
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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
deasity on target for am 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? may be achievable with protons at
8.8 MV for PBFA II at typical 3/4 power operation with a 6.5-em 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. (1)-(4).
For ions with energies close to their proper range for ICF, the ion power
density on target is reduced to about 22 TW/cm? for 3.3 MV protons and
about 21.5 TW/cm? for 5.7 MeV deuterons, again with the 6.5-cm radius

diode.
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