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R. M. Gilgenbach and T. Kammash, Nuclear Engineering Dept., U. of Mich.
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Appendix I

During the past year we have made significant progress

in the generation of multimicrosecond electron beams on

MELBA. In a recent invited talk at the IEEE Pulse Power

Conference we reported generation of 4 microsecond electron

beams, believed to be the longest intense beam pulselengths

in the U. S. In these experiments we discovered significant

effects of anode conditions upon electron beam diode

impedance. These results are fully described in the attached

reprint from the conference proceedings.

In the area of shock wave generation, diagnosis and

modeling, we have successfully employed a 1-dimensional

hydrodynamics code to estimate the energy deposition in

channels by lasers and guided discharges. The collinear

holographic intreferometry results have been previously

published and the comparison of data to the code is given in

the doctoral dissertation of L. D. Horton, summarized in the

attached technical report.

Initial electron beam interaction experiments have

concentrated on the interaction of 0.4 microsecond Febetron

beams with argon and nitrogen. These results were presented

at the 1984 APS-DPP meeting. Some of the significant

findings are shown in Figures I-1, 1-2, 1-3, and 1-4. These

figures give as a function of pressure, the transmitted

current to a bare collector located 0.85 m from the entrance

foil. Also shown are the collector current decay times for

these cases. It can be seen that, for the 1 kA injected

A-16



current, less than 50% is measured by the collector. Another

interesting feature was that the collector current decay time

was larger in argon than nitrogen indicating that the L/R

time for argon is longer (giving a lower R) for the postbeam

channel.

In the area of diagnostics we have investigated several

new configurations including:

1) a single optical fiber probe to measure spatial and

temporal electron beam profiles within a plasma, and

2) Lucite plate diagnostics for measurement of electron beam

uniformity and potentially emittance in the diode.

The abstract from a paper describing these diagnostics is

attached. Data from the fiberoptic probe is presented in Fig.

1-3.

Most of the effort for the past year was devoted to

improving the Monte Carlo Fokker-Planck Code to incorporate the

self field of the beam. This is in its last stage and in the

near future the code will be tested on known cases to assess the

role of the self field on the scattering losses from an intense

relativistic electron beam propagating in a low pressure laser-

initiated channel.

In the course of that study the code without the self field

was also tested by investigating the erosion of an electron beam

propagating in the ion focused regime as generated by the ETA

experiment. Since there are several mechanisms responsible for

beam erosion the usefulness of this code was employed to estimate

the scattering effects. The effects of multiple scattering were

also addressed and their variation with such parameters as beam

A85 9 09 151



density, channel neutral and electron densities, and beam and

channel radii. The reqults of this study are summarized in a

paper published in the 1984 proceedings of the Annual propagation

meeting (copy attached) and in a paper presented at the annual

APS plasma physics meeting.
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FEBETRON ELECTRON BEAM DATA

CATHODE VOLTA6E
(PEAK OF ABOUT 300 kV)

-.

DIODE ELECTRON BEAM CURRENT
(0.1 kA/DIV)

BEAM X-RAY SI6NAL

PLASMA LI6HT SI6NAL

Fig. 1-3

PYt



nrpflnft(, i r AT tl fl l'VfF MrNT I ierNr 4.
4,r. 

i 1. I 4

CURRENT SUSTAINMENT DATA
(0.5 MICROSEC./DIV)

: AR60N DATA (2 TORR)

DIODE E-BEAM CURRENT
(0.9 kA/DIV)

COLLECTOR CURRENT
(0.4 kA/DIV)

NITROGEN DATA (2 TORR)

DIODE E-BEAM CURRENT
(0.9 kA/DIV)

COLLECTOR CURRENT
(0.4 kA/DIV)

COMPARISON OF THE L/R DECAY TIMES FOR
THE TWO GASES INDICATE THAT THE

POST-BEAM RESIDUAL RESISTIVITY OF
N-TREN PLASMA CHANNELS IS AT LEAST A
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Appendix II

Publications and Papers Sponsored by this Contract

Invited Paper: "Microsecond Electron Beam Diode Closure
Experiments," R. M. Gilgenbach et al, Submitted to 4th IEEE
Pulsed Power Conference, June 10-12, 1985, Arlington, VA.

"Microsecond Electron Beam Interactions with Monatomic and
Diatomic Gases," with L. D. Horton, M. L. Brake, R. F. Lucey,
and J. E. Tucker. Presented at the 26th Annual Meeting of
the Division of Plasma Physics of the American Physical
Society, Oct. 29 to Nov. 2, 1984, Boston, MA.

N"Hydrodynamics of Gas Channels Formed by Lasers and Guided
Discharges," Doctoral Dissertation by L. D. Horton.

"Gas Hydrodynamics of Channels Formed by Lasers and Laser
Guided Discharges," L. D. Horton and R. M. Gilgenbach,
Submitted to the 1985 IEEE International Conference on
Plasma Science, June 3-5, 1985, Pittsburgh, PA.

"Spatially and Temporally Resolved Detection of a
Relativistic Electron Beam Streaming Through a Prasma
Background," R. M. Gilgenbach, L. D. Horton, S. Bidwell, R.
F. Lucey, L. Smutek, and J. E. Tucker, Technical Report in
preparation.

"Beam Erosion Due to Scattering in Low Pressure Media,"
Proc. Annual Propagation Meeting, July 1984, Monterey.

"Multiple Scattering Losses of Charged Particle Beams in
Low-Pressure Gasses," Bull. Am. Phy. Soc. 29, 1274 (1984).
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Appendix III

Personnel Receiving Partial Support from This Project

Co-Principal Investigators: R. M. Gilgenbach and T. Kammash

Graduate Students: R. F. Lucey, Jr., L. D. Horton, J.
Miller, and J. Les

L. D. Horton received his Ph.D. and will be starting a position

as a NATO Postdoctoral Fellow at Culham Laboratory in September.
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0 Copyright 1985 IEEE. Proceedings of the 5th IEEE International
Pulsed Power Conference. June 10-12, 1985, Crystal City, VA

MICROSECOND ELECTRON DEAN DIODE CLOSURE EXPERIMENTS

R. M. Gilgenbach, L. D. Horton, R. F. Lucey, Jr,
S. Didwell, M. Cuneo, J. Miller, and L. Smutek

Intense Energy beam Interaction Laboratory
Nuclear Engineering Department

The University of Michigan
Ann Arbor, Michigan 4S109

Abstract

The advantages of the Abramyan circuit
Experiments have been conducted on the over Marx generators with PFLs or PFNs are:

Michigan Electron Long Beam Accelerator 1) It requires fewer circuit elements, thus
(nELBA) to explore diode closure and voltage providing more compact, less expensive
compensation during collapsing diode generators,
impedance. NELDA operates with parameters: 2) Compensation for different load
Voltage a - 0.6 to -1.0 NVI Current < 60 kA; impedances can be changed by adjusting the
and Pulselengths exceeding 1 ps. A reverse relative charging voltages rather than by
charged ringing circuit compensates the Marx changing PrN circuit elements,
generator output voltage to within * 7 t 3) The Marx generator directly drives the
I1 10%) for pulselengths of I ps (1.4 ps) in load, s0 the voltage requirement is
a 127 ohm resistive load. Electron beam lowered.
generation experiments have utilized two Intense electron beams with pulselengths
types of field emission cathodes: carbon exceeding 1 ps have a number of important
brush and velvet cloth. Total electron beam applications:
pulselengths of 4 ps have been achieved. 1) Pumping of lasers in the visible, uv, and
Voltage compensation is limited by current (possibly) X-ray regime 14,101,
spikes to ±130 (#51) over the first 2) High power microwave and millimeter wave
I ps (0.7 ps). DIode impedance and perveance generators and free electron lasers (11.
have been characterized as a function of time 3) Fusion plasma Startup, heating,
at several A-K gap spacings. Current and stabilization,
densities2 have been in the range from 10 to 4) Pulsed X-ray radiography, and
200 A/cm . The current shows an initial 5) Rapid heating of materials and gases.
step with a rapid increase at 0.6 to 0.6 ps
followed by either current runaway or a Each of these applications Imposes different
return to Child-Langmuir. Apertured electron constraints on the cathode current density
beam current shows a similar behavior with and voltage flatness. Electron beam pumped
large amplitude beam fluctuations during lasers might require a current density on
enhanced current. Apparent plasma closure the order of 30 A/cm , whereas high power
velocities inferred from diode impedance microwave generators operating ii thedata indicate closure velocities from 3.3 to collective regime may need kA/cm.
6.2 cm/ps dependent upon the cathode type. Explosive emission cathodes (1-161 have
The effective closure velocity, defined by generally been employed in these applications
the time required to short circuit the A-K because of their high current densities and
gap, ranges from 2.1 to 4.1 cm/ps. Electron immunity to the hostile plasma chemistry en-
beam uniformity and beam dynamics have been vironment which poisons thermionic cathodes.
investigated by means of apertured anodes This presents a problem in the generation of
with lucite plate diagnostics. Voltage microsecond electron beams because of the
compensation has been tested by comparing rapid closure of the anode-cathode (A-K) gap
experimental voltage traces to transient 'by the cathode plasma. According to the
circuit computer codes with empirical Child-Langmuir current scaling, this gap
impedance profiles. closure causes an increase in the eleclion

current density by the factor (d - ut) I
Introduction where d is the initial A-K gap spacing and

u is the closure velocity. Another problem
Most research concerning intense, pulsed intricately related to this increasing

electron beams has utilized pulselengths in current is the maintainance of a flat output
the range from tens to hundreds of ns. This voltage throughout thews pulse. Constancywas due in part to specific applications, of the beam voltage is particularly important
(such as inertial confinement fusion), which for microwave generators which must satisfy
require short, intense, pulses of energy, resonance conditions. The plasma closure

Accelerator size and cost can be reduced velocity is therefore crucial in determining
when large delivered energies are generated diode impedance collapse, voltage droop, and
by increasing the beam pulselength rather A-K gap shorting.
than the voltage and current. Earlier
experiments 11-81 have generated intense, MELDA Design and Performance
microsecond electron beams by means of Marx ---------------------------------
generators with pulse forming lines (PIL) or The Michigan Electron Long Beam Acceler-
pulse forming networks (PPN). In this article ator (MELBA) was designed 117) to generate
we demonstrate microsecond electron beam 10 kA, I MV electron beams into a collapsing
generation and voltage compensation with a diode impedance for 1 ps pulselenqths. The
Marx generator coupled to an Abramyan type design utilizes an electrical voltage compen-
RLC ringing, reverse-charged stage (9, 10). sation circuit first proposed by Abramyan 19)

and later by Smith (10). This circuit

. 5 . . ....
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employs a Marx generator coupled to a ringing From the above data It can be seen that the
RLC Circuit. experimental voltage remains flat to within

: 7 1 (!10 1) over pulselengths of I pa
11.4 uS2. The transient circuit code gives
excellent agreement with experimental data.

* It should also be noted from the computer
model that without the ringing stage, the
voltage would not be flat but would exhibit

,CH the AC decay characteristic of Marx
rundown circuits.

The generator was constructed with a
Rk triggered, high pressure SF crowbar switch

to short circuit the generator output after
the design pulselength of I ps. The crowbar

switch removed 90% of the generator voltagein about 40 ns. Figure 3 gives the output% voltage and current into a resistIve loadwithout crowbar firing.

Fig. 1. Simplified schematic of the
Abramyan circuit with all spark gap
switches closed 19,10). Not shown
are the Marx/switch resistances.

The NELDA design also includes a small RC
filter circuit on the output. the ringing
stage (RS) is charged to initially deliver
a voltage of the opposite polarity from the
Marx output. At a later time, the polarity
of the RS is in the same sense as the Marx
output. Separate charging supplies are
utilized for the Marx generator and the
ringing stage. This allows the amount of
voltage compensation to be changed by choos- Fig. 3. Voltage (upmer, 400 kV/iv) and cur-
ing the relative charging voltage of the Marx rent flowet) into 127 ohm resistlve
versus the ringing stage. The spark gap load without crowbar firing
switches in the Marx generator and the RS are -(lpsldiv). Charging voltages:
independently triggered; in these experiments V a * 56 kVI V a # 54 kV.
the two circuits were triggered simultan- The data o Flg. 3 demonitreie the
eously. NELDA utilizes 14 capacitors in the effectiveness of the RS in generating flat
Marx generator and 2 capacitors in the aS, voltage out to 1.4 ps. The fact that
one third the number of capacitors used in voltage remains on the load for about
other microsecond electron beam generators 10 ps into a resistive load is important for
(2,3|. comparison with the electron beam diode

Data in Fig. 2 represent a -1 MV out- closure experiments. The resistor in series
put voltage from the 14ELBA machine into a low with the cathode (Fig. 1) dissipates the
inductance 127 ohm resistive load; also shown stored generator energy in the event of a
is the output of the SPICE transient circuit crowbar or A-K short circuit. This feature
analysis code 11 to illustrate the effect permitted experiments to be performed without
of the ringing, reverse-charged stage, firing the crowbar in order to investigate

plasma closure and shorting with multimicro-

second pulselengths.

0 Cathode - Anode Configuration

The anode-cathode geometry is depicted
in Fig. 4.

€ st TOTL-0.5-CRETIIO

CoWU (-th *ONs ftpgu

-1.0 - e,, ,,€'
-to ORo CATH00-NA

vacuum ~ . cu6ifh
0 0.5 1.0 1.5 *Sio,timelt W ''

firm PS LCAT ION
Fig. 2. MELDA output voltage into 127 ohm -- sULaIm

resistive load.
Fig. 4. Anode-cathode configuration.



Since the objective of these experiments
*was to investigate high current electron

beams with multimicrosecond pulselengths, the
&,.ode-cathode spacings were relatively large:
10 cm for most shots, although I cm and 6 ca

were also used. In order to extract multi-
kiloampere currents, two types of large area
field emission cathodes were employed in i
these experiments:
I) carbon brush cathode, and -

2) velvet cloth cathode.
The brush cathode was constructed

following the design of Refs. 4 and 11.
Carbon string was threaded through a square
array of holes on 1 cm centers in a 7 cm
radius aluminum plate. The outer radius of I 4
the carbon brush array was 6 cm. A smaller
(2.5 cm radius) brush cathode was also
constructed with recessed CR-39 Ion track __,_,_,_____,______

film to detect Ions crossing the A-K gap.
The velvet cathode used in these Fig. 5. Cathode turn-on data for carbon brush

experiments was 65 % cotton and 35 % rayon. with 10 cm A-K gap. (100 nsldiv)
A 6 cm radius circle of this cloth was epox- Upper trace: Voltage (160 kV/div)
ied to a 7 ca radius aluminum cathode plate. Lower trace: current (2.28 kA/div)

In both cases, the cathode plate was
threaded to the anoditzed cathode stalk of The initial deteCtable current always
radius 7 cm. Anode-cathode spacings were coincided with the knee (at about 30 ms)
adjusted by installing anodized rings between during the rise of generator voltage. lapid
the cathode stalk and the cathode plate. current fluctuations were measured for both

An extremely durable anode design was types of cathodes. The spiky nature of the
required, since the generator was typically current agrees with the NRL induction linac
operated in a noncrowbarred mode in which results in which a similar brush cathode was
plasma shorting of the A-K gap occurred. For compared with a thermlonic cathode 1111.
this reason it was not possible for foil The cause of the current fluctuations could
anodes (or even solid molybdenum anodes) to be nonsimultaneity in the explosive emission
survive the high current discharge from the from the multiple tufts of carbon string.
capacitor bank after A-K shorting. The Voltage compensation at early times is
high current discharge was such more seen to be excellent, with flat voltage
damaging to anode materials because high 11 S %) over a 0.7 js pulse.
current densities deposit energy at the Electron beam uniformity was measured
surface, removing material in a vacuum arc by means of the lucite plate diagnostic.
mechanism [191. It was found that a (3.2 am Figure 6 gives an open shutter photograph of
thick) Poco-graphite anode produced the the lucite plate for a xELBA pulse which
least contamination of the cathode and crowbarred at O.5 ps.
insulators for shorted A-K gaps.

The anode plate was insulated from the
vacuum tank and up to 6 current transformers
were utilized to monitor total return current
which passed through low inductance straps.
Current signals were summed in the Faraday
cage by ferrite adders. Electron beam
turrent was sampled by an array of small
(1.6 mm) holes in the graphite anode plate.

.~A beam collector and current transformer
permitted measurements of apertured electron
beam current. Energy discrimination of
apertured electron beam current could be per-
formed by installing foil between the carbon
anode and the beam collector. For studies of
electron beam uniformity and beam dynamics
the electron beam collector was replaced by a
lucite plate. The inside of this plate
was coated by an opaque layer of Aerodag gt

graphite sprayl the outside of this plate Fig. 6. Open shutter photograph of lucite
was viewed by either an open shutter or plate for O.S ps electron beam pulse.
streak camera. Brush cathode with 10 cm A-9 gap.

The lucite plate data indicates that the
Electron Beam Generation Experiments electron beam has good uniformity over the
------------------------------------ full cathode diameter. For longer electron

Brush cathode turn-on data is presented beam pulses, the large electrostatic charge
in the voltage and current traces of Figure 5. deposited in the lucite caused arcing

between the apertured beamlets, obscuring
the data and damaging the lucite.

Diagnostic data for two noncrowbarred
electron beam pulses from NEIA are presented
in Fig. 7.
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Large current spikes are believed to be
cathode flares from individual tUps and were
also observed in lower current density Soviet

C) experiments. The apertured *-beam signal
exhibited large fluctuations during enhanced
current. These large current fluctuations
could be caused by a streaming instability.
(20)

/.4- Diode Closure velocities

-- -- - -- -- - -- -- -
For purposes of this research It is

useful to define two closure velocities:
11 The effective closure velocity v, Is

) defined by the shorting time of the A-K gap.
2) Apparent closure velocity u, Is that which
is defined in terms of the Child-Langmuir
current with a closing A-1 gapllf Is
obtained from the slope of () *vher*
P is the perveance.

The data of the Type A shot in Fig. 7
shows that the voltage, hard X-rays, and

4.. f)apertured *-beam current persist for 3.7
4. pa with a 10 co A-K gapi this yields an

effective closure velocity of 2.7 tm/)is.
. . .. . . .Figure I gives th&_4~,e history of the

diode impedance and 4P) f for the sawe
two shots given in Fig. 7.

b) t)

130.

0 200 40 W Mowe s ies aos MWa MWes

timle (10)

Fig. 7 MELBA electron bean pulse without35
crowbar, upper data represent Type A 38
shott lover data set represents Type
9 shot. 4
a) Voltage (160 kV/div: 0.2 jus/div)

(S.3 kA/div 1 0.2 )2s/div) / #

ud) Current (6.2 kA/divi 0.5 ps/div)

e) Hard X-rays curren "5 /Iiiatoo

1 20 A/dIv0 js/div), no foil.

Parameters: brush cathode on 7 cm 411 4
radius plate, A-K gap Of 10 cm. 0
Charging voltages: 0 o40MMlwIM 4 o110n

Tw cye o urrent behavior -were ob-
sre:Type A with flat or decreasing

cretcontinually increasing throughout the Figure S. Temporal evolution of data from

pulse. For brush and velvet cathodes, the Fig. 7: &1 Impedance profile for
voltage flatness was limited by large cur- type A shot (solid points$ I 29 2type
rent spikes and the rapid increase which 3 shots lopen points), h, P
typically occurred.



Not* that type A shots gave a flat impedance 32
ISO ohms) after about 0.0 ps whereas type I
Shots gave continually drooping1 )Tpedance.
In type A shots the slope of P appears to
change at about 0.3 jus. This has been
interpreted by others as an actual slowing of 5 - .7, 2.0)
the cathode plasma velocity by "electric
pressure (211 or by the beam magnetic field is
122). for a 10 kA beam current the magnetic 0

pressure of typical cathode plasma.
i pressure Is much less than the kinetic 4 52

However, the relativistic Child-Langmuir
analysis of the next section shows that the
type A current can be modeled by a constant
closure velocity at early and late times.

Table I summarizes the apparent and
effective diode closure velocities for brush
and velvet cathodes at different A-K gap
spacings. 0

Table 1 b)

Summary of Diode Closure Velocities Icm/us) a

BRUSH VELVET 0
A-K gaptcI ) 10 1 10 1 30 20.V 8N3 - IP(S-A o 3.1)

* Apparent
Type A 3.3 t.4 3.3 None

(3) (1)
Type 9 5.3 t.4 6 6.1 6.2( 2) (1) (1) (1)

Effective
Type A 3 # .7 2.1 #.3 None

(3) (7i
' Type B 3.5 1.6 2.6 3 _.6 4.1!.3

(4) (1) (4) (5)

(Numbers in parentheses indicate shots
averaged)

It should be noted that the velvet W.67.0 S)
cathodes always gave continually increasing o 50
current (type 3) behavior. In spite of the -
higher electric field a number of brush
cathode shots with d 9 3 cm demonstrated
lower closure velocitles than the same 21

cathode with dak " 10 cm.

Diode Current Data and Modeling
--- -- -- -- -- -- -- -- -- -- W - S)

Our model for current flow from a
moving source plasma in the diode employs a
a fully relativistic version of the Child- 0 200 m W m taos 120 140 W us SW
Langmuir current density which can be
modified by the inclusion of ion flow 1231.
Following the technique of Poukey, we perform Fig.9 a) Experimental current data (points)
a Romberg integration solution for the from type A shot compared with constant
current density corresponding to space charge closure velocity model (m - 2.6 cm/ps)
potentials in a planar diode gap. For our for Child-Langouir (CL) current and
model we have also included closure of the A- bipolar flow (SP) turned on linearly
9 gap by the cathode plasma with velocity u from 0.4S )IS to 0.7 jus.
and ion flow of variable magnitude (23-251. Experimental current data fro type
Edge emission was modeled by the technique of m shot compared to Child-Langmuir (CL)
Parker 126). with closure velocity of 3.1 cm/ps and

Two types of temporal current behavior bipolar IBP) flow turned on linearly
were observed in these experiments. Figure 9 from 0.33 jus to 0.87 ps with constant
compares type A and type 3 current traces closure velocity.
with theoretical models. c) Experimental current data from typeI shot compared to Child-Longmuir (CL)

with a constant closure velocity of S
cm/ps and bipolar flow (3P) turned on at0. u7ps.

&a iw Ig 7 'ajr*



values of the various elements were derived
Note from Fig. 98 that the experimental by PSI 1171 from a combination of

current agrees with the Child-Langmuir model measurements, experimental data, extrapol-
from 0 to 0.45 psec and from 1.2 us to 1.9 ations. and calculations. The SPICE cir-
'ps. However, between 0.45 )as and 0.7 ps, a cuit code has been run for fixed resistance
linear transition to bipolar flow models the loads as well as time varying impedances.
data very well. A physical explanation for For the time-varying diode Impedance, the
the type A current behavior is that at early load is modeled in a piecewise linear manner
times Iless than 0.45 ps) the cathode emits using a nonlinear circuit element (typically
the Child-Langmuir current. Between 0.6 ps a JFET).
and 0.7 ps ions from the aode or the Current spikes and irreproducibility in
background gas 43 - 8 x 10 Torr) are the diode current made direct experimental
sufficient to support bipolar flow. At later comparison of different compensating voltages
times (greater than 0.7 js) 'ion starvation* difficult on separate shots.
causes the current to return to Child- Figure 10 compares the experimental
Langmuir flow. voltage with transient circuit analysis code

In type 5 shots the early time behavior results using the experimental impedance
is similar to type A. The type D shots, profile for two cases:
however, exhibit continually increasing 1) Actual NELDA circuit and charging
current throughout the pulse. Figure 9b voltages, and
shows that even a transition to bipolar flow 2) MELBA circuit but increased charging

" (at constant closure velocity) cannot model voltage of ringing stage.
this rapid current increase. An increased tbne ra)
closure velocity of 5 cm/os, modeled in
Fig. 9c, would provide a physical mechanism 0 10 m un W m 0 M 13 NO 10
for the rapid current increase. This agrees .
with Ref. 27 in which the authors conclude
that for cases in which a threshold energy -us
dose rate is exceeded, the anode plasma
gives both a transition to bipolar flow and -a
an increased diode closure velocity. It
should be noted that the energy density to za
the anode in our experiments is well below
the required 400-600J/gm dose for graphite 3 -
(27). The longer pulselengths in our
experiments may reduce the threshold
energy for anode plasma production. For 
microsecond pulselengths it is also possible
that background gases play a role ion 0
production.

The interpretation of enhanced current "S
in terms of anode plasmas is supported by the
observation that the apertured *-beam signal an
always showed enhanced fluctuation levels Fig. 10. NELDA experimental voltage (points)
during the period of increasing current, for type A shot compared to SPICE code
These large fluctuations could be Indicative using experimental impedance profile
of a streaming interaction between the beam with: Actual charging voltages (dark
and the anode plasma (201. Etching of the line) V, 56 kv, V ' * 56 kW, and,
CR-39 track film embedded in a cathode gave a increased charging voltag; on the

crater over the entire exposed area reversed stage, Va " 56 kV, V a 490 kV
suggesting a large flux of low energy ions It can be seen that in'reauing the fingIng
backstreaming to the cathode. reverse stage charging voltage improves the

Some additional observations concern the voltage flatness between 0.8 ps and 1.4 ps.
conditions under which type A and type 3 However, the voltage deviations observed in
currents were measured. Velvet cathodes these experiments have been caused primarily
always gave type B current. For 8 cm A-K by current spikes and the rapid current
gaps the brush cathode was more likely to enhancement starting at 0.4Sp s. Current
give type A behavior (7 out of 8 shots), spikes may be eliminated by resistively

Brush cathode experiments with 10 cm A-K ballasting the individual emitters on a
gaps showed that on the first several shots multitip or brush cathode.
after opening the diode to air, a type A shot
was more likely; on later shots a type B *Supported by ONR, NSF and GM Research Labs
shot was more likely. Apparently the cathode References
current density, surface chemistry and
residual gas play a role in microsecond 1) H. Friedman and N. Ury, *Microsecond
plasma production. duration intense relativistic electron
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Beam Erosion Due to Scattering
in Low Pressure Media

M. Cuneo, J. Les, and T. Kammash
The University of Michigan
Ann Arbor, Michigan 48109

A Monte Carlo Fokker Planck code is used to
investigate the scattering loss of particles from a
relativistic electron beam propagating in a low pressure
air channel. The fraction of particles transmitted is
calculated and its variation with relevant beam and
channel parameters is obtained. The effect of multiple
scattering is examined, and a parameter reflecting
scattering erosion rate is calculated for some
experimentally observed parameters and found to agree
with an analytical expression for force-free propagation.

Introduction and alysis

Some of the most comprehensive results on beam
erosion in the Ion-Focused Regime (IFR) have ilyently
emerged from the ETA experiment at Livermore. In air
this regime for stable propagation corresponds to a
pressure window of about 0.1-0.2 torr. At 0.08 torr beam
erosion primarily at the head of the beam was observed and
found to correspond to 0.16 m/m. At these low pressures
it is expected that most of the erosion will be due to
ohmic heating; however it is also important that some
assessment of the role of scattering in erosion be made
particularly as the parameters of the beam or the channel
vary. In this paper we examine the loss of particles from
the beam as it transverses a preformed channel and attempt
to deduce quantities which may have a direct bearing on
erosion. The investigation is carried out with the aid of
a Monte Carlo Fokker Planck code which allows us to follow
a given sample of non-interacting beam particles in full
configuration and velocity space as the beam propagates in
a cylindrically symmetric gaseous channel. It is assumed
that the channel medium is partially ionized so that
interaction of the beam particles with charged and neutral
target particles are taken into account. The probability
of neutral particle interaction is selected by defining an
appropriate mean free time

V(1)

2a,



where Uf is the beam electron velocity, n is the neutral
density and T is an appropriate interaction cross
section. Although other inelastic events should generally
be considered we limit our study to ionization and the
interaction probability is given by dt/t when dt is a
very small code time step. Given an appfopriate
differential scattering cross section a random scattering
angle 6 can be selected from the distribution9

S dal

04j

where I is A random number. For relativistic electrons
propagating in a low temperature medium it is expected
that the distribution be highly peaked in the forward
direction and using the results from hydrogen (2)
appropriately scaled for higher z elements we can write

where in CGS units

ti, - t +- - (3 " (/.7'f, uo

In the above expression m is the electron mass, k is the
yqroghi wave number, h is Plancks constant, a--1.4 aoz

, a is the Bohr radius and 9m is the minimumscattering angle given by i'
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___ 0.(3)

where r is the relativistic parameter and c is the speed
of light. Although small angle Coulomb scattering is
included in the code by an implicit Fokker Planck method
the probability for such scattering event in the code time
step dt is simply dt/t. where ' is the well known
deflectign time. For pasma densieies on the order of
10 -10 cm which are appropriate for the case at hand,
and for L c it is easily seen that T Z 10 seconds
so that at pulse lengths on the order of nanoseconds it is
clear that scattering from charged particles can be
neglected. These consider Wons are consistent with some
experimental observations.

In order to crudely model the propagation of a
relativistic electron beam in either an IFR or a force-

Afree propagation mode we have incorporated the self
magnetic field in a phenomenological way using Ampere's
law for an infinite, uniform beam. We have neglected the
radial electric field by taking a charge neutralizing ion
density (n.) to be equal to the beam density (n ) so that
the charge neutralization parameter f = 1. Singe the code
calculates the number of particles that traverse the
channel the fraction of the beam that is transmitted would
then represent an upper limit for pulse lengths thatare shorter than " the charge neutralization time,
and a good estimate RIen 05. -C CH since the physics of
instabilities that might occ r are flot included. Under
these conditions the description of the scattering process
might be deemed appropriate2to that taking place in a
force neutralized f > I/y , charge neutralized, f : 1
or force free f - I, f - 1 regimes. With propaga ig% 5)
having been obsrved in pressure ranges of 0.1-5 torr'
it should be noted that at lower pressures there are
usually insufficient neutrals to provide an adequate ion
density for force neutralization and at higher pressures
multiple scattering could cause rapid dispersal of the
beam. The latter effect is, however, incorporated in the
code and its influence will be discussed later.

In assessing the utility of the Monte Carlo-Fokker
Planck code in the beam propagation study it should be
kept in mind that particle scattering can be accurately
described and that no assumptions need be made concerning
the plasma conductivity since ionization can be calculated
self-consistently. Particle and energy loss mechanisms
can also be readily included so long as the appropriate
mean free paths for these processes can be selected.Because of its three dimensional simulation capability the
often-used "paraxialm approximations and others need not
be made. Because of its limitation in the number of
particles that can be simulated it is clear that the

3



treatment of self fields and the modelling of
instabilities, though possible, might be quite difficult.

Some Prelimin&ry Results

A relevant factor to beam erosion by scattering is

whether the beam particle undergoes single or multiple
scattering events as it transverses the channel. If we
denote by "T" the transmitted fraction of the beam, nm the
number of times scattering off of a neutral particle -
occurs, n the number of electrons used to simulate the
beam, r the radius of the channel and s = n n then the
variation of these parameters with r c for a Rea48 rajius
r = 1.5 cm, total cross Isictipn (r~ 3x10 CM AP
n~utral density nn = 2x10 cm- and hs 5000 is shown in
Table 1.

Table I

r T nm s

2.5 0.007 7338 1.47
5 0.015 9258 1.85

10 0.03 12183 2.4
15 0.079 15003 3.0

21.2 0.14 17800 3.56

We observe that the transmitted fraction is linearly
proportional to r which is a direct consequence of the
geometric effect. cAnother geometric consequence is the
linear scaling of n and s with r . Since the probability
of neutral-interactfon is proportional to the path length
traversed, and the path length increases with r then the
probability of multiple scattering should increase with
r,. The variation of these parameters with the neutral
d nsity is shown in Table 2 for a channel radius r = 21.2
cm and beam radius and total scattering cross section as
before.

Table 2

p.3 nn (cm 3  nm s T

2x1013  293 0.06 0.95

2x10 14  2789 0.66 0.79

2xlO 1 5  18000 3.6 0.14

2x101 6  68263 13.65 0.002

4
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The transition from single to multiple scattering, s 1,
is clearly noted in the table. Although the distribution
for single scattering is highly peaked in the forward
direction, beam particles may still gain sufficiently
large transverse directed energy to cause substantial beam
breakup.

The code was also utilized to estimate an "erosion
rate" due to scattering. It yields the fraction of the
beam lost per unit length travelled. When this fraction
is multiplied by the length of the beam a loss rate due to

'tscattering is obtained. This is given by

AT L

where "4' is the fraction of particles lost per meter,
.1' and VT = L is the length of the pulse in meters.

Equation (4 )Pis based on the assumption that for constant
beam density and constant loss rate of particles the loss
rate of particles in a rigid beam is equivalent to the
loss rate of beam length. When the parameters of the
force free propagation experiment of Ref. 4 are used, Eq.
(4) yields results comparable to t% e predicted by the
analytical expression given by Lee that is based on the
SNEEZE code.
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Abstract Submitted for the

1985 IEEE International Conference
on Plasma Science

Itsburgh Hilton
Gas Hydrodynamics 

of Channels Formed 
by

Raid Heatln L sers and Lase-rGui-ded June 3-5. 1985
D37~i8iages,* L.D. HORTON and R.N.
GILGENBACH, Department of Nuclear
Engineering, The University of Michigan,
Ann Arbor, MI, 48109.

The hydrodynamic evolution of
reduced density channels produced by CO"-" laser induced gas breakdown and by laser
guided discharges have been studied. In

the laser induced breakdown experiments,
a high power (0.30 GW) TEA CO2 laser is
brought to a quasi-line focus over 14 cm
in argon by a compound reflecting axicon
with a W-shaped cross section (waxicon). bjt qdr@Mmdmb.

Electrical discharges of 30 kV are 1. Magnetohydrodvnauecs
initiated and guided by CO laser
induced air breakdown focuied by a
conventional mirror with 2.5 m focal
length.

Experimental data are obtained OSVlU
using schlieren photography 

and

collinear holographic interferometry.
Shock positions and directly 

measured

(non-Abel inverted) channel density
profile data are compared 

to a one

dimensional hydrodynamics code in order
to estimate fractions of available
energy absorbed into channel heating. SubmitdW by:

This one dimensional code is valid for

times short compared to the onset time -*ba .n

for convective mixing which eventually Ronald M. bscb
cools and breaks up the reduced density
channel. Universtof chigan

For waxicon focused laser induced
gas breakdown channels the measured Dop't of Nuclear rng.
shock wave velocity ranges from 0.4 to
0.5 mm/4s. Comparison to the Ann Arbor, V 48109
computational model indicates that 25-

30% of the laser energy is absorbed into P13) 763-TAW
heating the channel.

For laser guided discharges the
measured density at te center of the
channel is 0.025 kg/In . This is in
excellent agreement with the one Imp~

dimensional code for times small T d ido KMd
compared to the time scale for w l i M
convective mixing. However, at later bawle.o e

times the code predicts narrower Mad WMostIsIOA k

channels with lower on-axis densities 
"win a Tom "Issfa an2 t 12( .
charsl er rah) A featsu mmourro" ow f ir

than are measured. Ca fmc

*This.research is supported by the
Office of Naval Research, National
Science Foundation Grant ECS-8309682,
and a Presidential Young Investigator
Award funded by General Motors Research
Labs and the National Science
Foundation.
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1985 IEEE International Conference
on Plasma Science

Spatially and Temporally Resolved Diagnostics
"'" for Microsecond, Intense Electron Beams ' Pittsbugh Hilton
R. M. GILGENBACH, M. BRAKE, L. D. HORTON,
S. BiDWELL, R. F. LUCEY, L. SMUTEK, and June 3-5. 1985
J. E. TUCKER, Nuclear Engineering Department,
University of Michigan, Ann Arbor, MI 48109
Experiments are underway to investigate new
diagnostics for electron beams in vacuum and
in a plasma background. Measured parameters
include temporally resolved beam current
profile and beam emittance. These character-
izations are being performed during electron
beam diode closure experiments (1) and beam-
plasma interaction experiments with either of
two long-pulse accelerators: MELBA (Michigan
Electron Long Beam Accelerator):
Voltage - - 1 MV, Current - 10 kA, at Subjct cgqp and inu@.
Pulselength - 0.1 to 1A*s (1.4AcS ) for 6. Electron, Ion, Sources
voltage flat to within t 7% (1 101) .
The second accelerator is a long-pulse or 8. Intense Electron Be
Febetron with parameters: Voltage = - 0.5 MV,
Current= 1 kA, and Pulselength - 0.3 a.

Two different configurations have been
developed which use Cerenkov radiation to ftefor aswmu
detect electron beam current profiles as a .

function of time. The first uses Cerenkov WsMW
emission by electrons which impinge axially
on a single fiberoptic lightquide enclosed Webrou
in a lucite tube. Plasma light is blocked
by graphite spray or thin foil covering the
end of the optical fiber. This diagnostic Submftd W
has the the following advantages:
1) the threshold energy for Cerenkov emission ...... -- -. .
effectively discriminates between high energy "N
beam electrons and low energy (3-5 eV) R__JLDM,__II ______

plasma electrons. 2) The small, nonconducting NUCLEARIG DEPT,
probe introduces a minimal perturbation into u ,w' r Ir;' G
the beam-plasma system, 3) Excellent signal o
to noise ratio is obtained because the A____AR __BO_, MI 48109
fiberoptic signal is directly transmitted m
to a photomultiplier tube in the Faraday cage.
4) Quantitative data is obtained directly.

The second Cerenkov diagnostic employs
an array of small apertures in the anode
plate. The apertured beamlet array strikes a
clear Cerenkov plate located several cm behind
the anode. This plate is covered by a thin Imp~.
layer of graphite to pass electrons but not
diode light. The back of the Cerenkov plate 0,O M MfI9tFN
can be viewed by open shutter or streak hla 5 a W f
photography. This diagnostic thus has the ,mFR$0t
potential for temporally resolved measurements tp0awWa W0VPl2
of both beam current density and emittance. Ch c WU)Ah,, U6,RlaC

Time resolved optical emission spectro-
copy is used to determine plasma composition,
degree of ionization, and equilibrium con- 1 0. GILGENBACH
ditions of long pulse RES produced plasmas NG DEPT.
at pressures above 0.1 Torr. A gated inten- ":P.A ENGNER t 'DPT.
sified diode array detector is employed with ,%',V'..SIY Oc .....
a 275mm, f/3.8 spectrograph. pil,'""ABRR, M1 48109
* This research is supported by the Office

of Naval Research and a Presidential Young
Investigator Award Funded by the National
Science Foundation and General Motors
Research Laboratories.

(1) R. M. Gilqenbach et al., Invited paper:
*Microsecond Electron Beam Diode Closure
Experiments", IEEE Pulsed Power Conference,
June 10-12, 1985, Arlington, VA
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MICROSECOND ELECTRON BEAM
INTERACTIONS WITH MONATOMIC
AND DIATOMIC GASES

Mv-------------------- -------- -- ----

R. M. GILGENBACH, L. D. HORTON,
M. L. BRAKE, R. F. LUCEY, AND
J. E. TUCKER, UNI VERSITY OF
MICHIGAN, ANN ARBOR, MI 48109

Microsecond electron beam experiments are
being conducted on MELBA (Michigan Electron
Long Beam Accelerator). This new Long Pulse
accelerator operates with parameters:
Pulselength = 0.1 to 1.4 microseconds
Voltage = -1 MV flat to + 10 % at
Current = 10 kA.
Unique circuitry permits electrical
compensation for diode impedance droop.
Initial interaction experiments used Febetron
beams with 0.3 microsecond pulsewidths at
voltages < 500 kV and currents < 1.4 kA.
Interaction data with argon and nitrogen at
0.5 Torr to 40 Torr show induced plasma
currents which persist for -.1 microsecond
after the beam pulse ends. Argon gives longer
decay times than nitrogen. New Industrial
processing applications of long-pulse beams
are being explored.
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Hydrodynamics of Rapid Enerqy Deposition in Gas Channels

L.D. Horton and R.M. Gilgenbach
The University of Michigan

Department of Nuclear Engineering
Ann Arbor, Michigan 48109

ABSTRACT

Reduced density channels produced by laser induced gas

breakdown and by laser guided discharges are modelled by

means of a one dimensional gas hydrodynamics code for times

earlier than the onset of convective mixing. Comparison of laser

induced gas breakdown experiments with the code indicate that

the conversion of laser energy to gas heating is limited to 25-

30%. Collinear holographic measurements of channel density

profiles produced by laser guided discharges are found to be in

good agreement with code predictions for times less than 50,Ms.

This agrees with other experiments which have indicated onset

times for convective mixing in the range 50-70,/4is after the start

of the discharge.



Introduction

Extensive experiments at the Naval Research Labs (NRL) have

studied channels formed by the rapid deposition of energy in

1-6atmospheric pressure gas. Laser guided discharges and the

resulting reduced density channels have applications in electron

and light ion beam transport 3 7- 9 , in lightning modelling 0 , and
in materials processing 11 " 2 . Here we report results for the

nonturbulent phase of reduced density channels formed by laser

induced gas breakdown13 and by laser guided electrical

14discharges1 . Data is analysed and interpreted using a one

dimensional, cylindrically symmetric gas hydrodynamics code.

This code uses the standard conservation equations in Lagrangian

15coordinates with the addition of an artificial viscosity to

treat shock waves.

Computations by Picone et al4'16'17 at NRL have shown that

10vorticity leads to turbulent convective mixing which is the

dominant decay mechanism for reduced density channels. Since our

one dimensional hydrodynamic model cannot include vorticity, we

model only the pre-mixing phase as determined from schlieren and

holographic data. Collinear holographic interferometry is used

in our experiments to directly measure the density profiles

existing within the channel for comparison with the code.

I Experimental Configurations

Two different techniques are employed for rapidly depositing

energy in a gas channel:

1) CO2 laser induced gas breakdown (Fig. la)

2) laser guided discharges (Fig. Ib)

2
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The CO2 laser gas breakdown experiment uses a waxicon to

produce a quasi-line focus 13 as depicted in Fig. la. A waxicon

is a focusing mirror with a W shaped cross section. Argon is

used as the gas for the waxicon experiments reported here. The

schlieren diagnostic system employs a pinhole aperture to obtain

two dimensional spatial resolution.

The laser guided discharge experiments employ a

configuration (Fig. lb) which permits the interferometric data to

be taken in an orientation collinear to the discharge. A high

power (0.30 GW) TEA CO2 laser is focused by a 2.5 m focal length

gold mirror. High voltage electrodes are located across the

length of the resulting breakdown beads. A 0.04,mF capacitor

charged to 30 kV is discharged across the electrode gap 5/4s

after the CO2 laser pulse. Discharge current is a damped

sinusoid with peak current of about 10 kA, period of 1.4,.us, and

1/e decay time of 3.5/,s. The uniformity and decay time of

channels generated by this experiment have been demonstrated18 to

closely resemble the longer channels at NRL3  Two pulse

holographic interferometry is used to record the data. Between

pulses the precision mirror is rotated slightly to produce

secondary interference fringes on the film. Deflection of these

fringes by the object gives a measure of the gas density. Due to

the length of the object when the channel is viewed in this

orientation and the resulting large fringe deflections, helium,

which has a low index of refraction, is used as the ambient gas.

Note that Abel inversion of holographic data is not required in

the collinear arrangement since the data directly yields the

3



density profile in the interior of the channel.

II Numerical Model

The gas hydrodynamics code uses the standard conservation of

mass, momentum, and energy equations in Lagrangian coordinates

and cylindrical symmetry.

-- -

P -8 rL
,C

•cLr _

Here p is the gas pressure, is the gas density, u is the local

velocity, and Y is the ratio of specific heats. Note that q is

an artificial viscosity, originally proposed by VonNeumann and

Richtmyer 15 , which is taken to be quadratic in the time

derivative of the density so that discontinuites at shock fronts

are smoothed over a few mesh spacings. Using the continuity

equation the artificial viscosity takes the form

LC[rV % Lk~)

Here c is a constant varied as a parameter to ensure smooth

behavior around the shock. For the results given in this paper

c varies in the range 2 to 5. An explanation of the logic

leading to this form of q is given in Ref. 19. However, q is,

in fact, artificial and other variations have been employed.

The difficulty in modelling these experiments lies in the

driving term. Standard blast wave theory assumes a source which

is a delta function in time and simply sets initial conditions

L
"'N: corresponding to an appropriate overpressure. This approach is
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acceptable for our laser induced gas breakdown experiments but

the laser guided discharge experiment has an energy deposition

time which is comparable to hydrodynamic time scales. The time

dependence of the energy deposition for the laser guided

discharge is found by using the current histories and by assuming

that the channel resistance is constant so that E=RSI, dt. The

actual current traces closely follow the form of a damped sine

wave which agrees with the assumption of a constant resistance.

Since the total absorbed energy is the parameter being varied in

the code, the absolute value of the channel resistance is not

required.

* The spatial dependence of the energy deposition is not

* straightforward. For the waxicon experiment the minimum

breakdown spot size is limited by machining irregularities in the

* mirror and is estimated by schlieren photographs taken just at

the end of the CO2 laser pulse to be 0.2 mm in diameter.

Doubling this spot size has only a small effect on the code

output and does not change the estimates of absorbed energy

fraction reported below.

The laser guided discharge energy deposition radius is a

function of time due to channel expansion during the discharge.

The channel radius is estimated using the data in Fig. 2 for an

air channel. Detailed transverse schlieren photographs for

atmospheric pressure helium are difficult to obtain at the ruby

laser probe wavelength (694.3 rim) but schlieren data does

indicate channels which are about 25% wider in helium than in

argon, N 2, or air. This factor is incorporated into the code's

U5



estimate of radius of energy deposition. While it is

conceptually preferable to let the code calculate the channel

* radius from the density data of the previous time step, Fig. 2

shows that the channel expands quickly to the laser breakdown

bead radius. The initial breakdown phase is not modelled in the

* code for laser guided discharges and is clearly not one

dimensional. Therefore, an external input of early time channel

* radii is necessary. Note that channel data from over a thousand

shots show reproducible straight, approximately one dimensional

channnels at times greater than about 10 s after the beginning

of the discharge (see the photographs in Fig. 2 for 31 and

51,Ms). This indicates initial laser asymmetries are not

important in the nonconvective region of laser guided discharge

- ~channel evolution 3 6 8

III Results and Discussion

A comparison of experimental and code shock positions for

the waxicon breakdown experiment is shown in Fig. 3. The

available energy for the experimental points is calculated by

* using laser calorimetry to normalize the power density'on axis as

given by a ray tracing code *As described in reference 13 the

- ~ waxicon mirror produces one region on axis where singly and

doubly reflected rays cross and another region with only doubly

reflected rays crossing the axis. Both of these regions

experience approximately constant energy depositions and

correspond' to approximately straight shock fronts. Thus, two

data points are available for each incident laser energy. Shock

* positions are very reproducible for a given laser energy setting.

6



The estimate of available energy is undoubtedly better for the

longer region of only doubly reflected rays but both energy

estimates have errors of less than 10%. Code results for various

absorbed energies are superimposed on the experimental results in

Fig. 3. Comparison between the data and the code indicates that

only 25-30% of the available laser energy is going into heating

20the gas. Several potential energy loss mechanisms exist

Ionization of the gas followed by recombination radiation which

escapes the channel is one possibility but, for our short laser

pulse length and small focal spot size this is expected to be

negligible. Inaccuracies in the focusing mirror, producing off

axis rays is another potential mechanism. The focal radius as

predicted by early time schlieren photographs suggests that this

also is a small contribution to the large energy fraction not

heating the gas. The most likely mechanism for major energy

loss is supercritical plasma reflection. Once the breakdown

channel is completely singly ionized by the laser the resulting

plasma is above critical density for 10.6eism propagation and the

remaining light is reflected rather than being absorbed. Only

nonlinear processes can heat the channel once it has reached

critical density which explains the poor coupling efficiency seen

in Fig. 3.

The experimental data for the laser guided discharges are

obtained using collinear holographic interferograms such as the

one in Fig. 4. Relative densities are calculated by measuring

fringe deflections from the reference at the edge of the channel.

This reference density was originally estimated to be ambient but

code results indicate a slight density reduction behind the shock

7



* especially for times less than 50/is. Thus the experimental data

for Fig. 5 is normalized to the code prediction of the density

just outside the channel. The code best reproduces the

experimental results for an absorbed energy of 100 JIm. The

available energy can be roughly estimated to be 110 J/m by noting

that the final capacitor voltage after the discharge is 16 kV and

by assuming about half of the discharged capacitor energy is

dissipated in the spark gap switch. Agreement for channel

density profiles is very good at 30 /-s but for times later than

050,4s convective mixing has become important and the code

predicts deeper, narrower reduced density channels than are

actually measured. This onset time for convective mixing agrees

quite well with data from transverse schlieren photographs which

begin to show enhanced line integrated turbulence at about 70ms

18after the start of the discharge

Fig. 6 shows the pressure profile corresponding to the

reduced density channel of Fig. 5(a). Note that by 30,ms the

channel has already expanded to pressure equilibrium and has

essentially finished its evolution in our convectionless,

conductionless equations.
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Figure Captions

Fig. 1. (a) Experimental configuration for the waxicon focused

CO2 laser induced gas breakdown experiment. (b) Experimental

configuration for collinear holographic interferometry of laser

S..guided discharges.

Fig. 2. Schlieren photographs at different times during the

evolution of a laser guided discharge. Upper times are relative

to the guiding laser pulse, lower times to the start of the

electrical discharge.

Fig. 3. Comparison of theory and experiment for shock positions

in waxicon focused CO2 laser induced gas breakdowns. Points are

experimental data and curves are code output. U)= 53 J/m

-".available energy, (a = 91 J/m, (o)= 105 J/m, (0)= 180 J/m; dot-

-' dashed curve= 10 J/m absorbed energy, long dashed curve= 30 J/m,

short dashed curve= 50 J/m, solid curve= 70 J/m.

Fig. 4. Collinear holographic interferogram for a 6 cm helium

laser guided discharge channel 31js after discharge initiation.

Fig. 5. Density profiles for 6 cm helium laser guided

discharges. Points are experimental data and curves are one

dimensional hydrodynamics code results. (a) 31,,Ais after

..... discharge, (b) 51,,"s, (c) 71/ ,s.

Fig. 6. Pressure profile for a 6 cm laser guided discharge

channel in helium 31,,s after discharge initiation.
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Fig. 1-4

CURRENT SUSTAINMENT DATA
(0.5 MICROSEC./DIV)

ARGON DATA (2 TORR)

DIODE E-BEAM CURRENT

COLLECTOR CURRENT
(0.4 kA/DIV)

NITRO6EN DATA (2 TORR)

DIODE E-BEAM CURRENT
(0.9 kA/DIV)

COLLECTOR CURRENT

(0.4 kA/DIV)

COMPARISON OF THE L/R DECAY TIMES FOR
THE TWO GASES INDICATE THAT THE
POST-BEAM RESIDUAL RESISTIVITY OF
NITRO6EN PLASMA CHANNELS IS AT LEASTA
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