AD

OTC FILE COPY

@

NRL Memorandum Report 5281

REB/Channel Tracking Experiments in
Low Pressure Ammonia

D. P. MURPHY, M. RALEIGH, E. LAIKIN,
R. E. PECHACEK, AND J. R. GREIG

Experimental Piasma Physics Branch
Plasma Physics Division

March 26, 1984

This research was supported by the Office of Naval Research and the Defense Advanced
Research Projects Agency (DoD), ARPA Order No. 4395 Amendment No. 11, monitored
by the Naval Surface Weapons Center under Contract N60921-83-WR-W0114.

DTIC

ELECTE
APR 1 8 1984
B
NAVAL RESEARCH LABORATORY
Washingten, D.C.
Approved for public rele distrib 4 d
84 04 1%

'3 X

it

TR N Y



SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

18 REPORT SECURITY CLASSIFICATION

UNCLASSIFIED

1o, RESTRICTIVE MARKINGS

3a SECURLITY CLASSIFICATION AUTHORITY

20. OECLASSISICATION/QOWNGRADING SCHEDULE

3. DISTRIBUTION/AVAILABILITY OF REPOAT

Approved for public release; distribution unlimited.

4. PERFOAMING ORGANIZATION REPORT NUMBER(S)

NRL Memorandum Report 5281

S. MONITORING ORGANIZATION REPOAT NUMEEAS)

Sa NAME OF PERFORMING ORGANIZATION

. OFFICE SYMBOL
11 applicadie)

Naval Research Laboratory

Ta. NAME OF MONITORING ORGANIZATION

Naval Surface Weapons Center

8c. ADORESS (City. State and ZIP Codes

Washington, DC 20375

T0. ADORESS (City, State end ZIP Code)

White Oak, Silver Spring, MD 20910
Attn: Dr, CM. Huddleston (R401)

So. NAME OF EUNDING/SPONSOAING
ORGANIZATION

ONR and DARPA

8b. ORPICE SYMBOL
(37 applicadla)

9. PROCUREMENT INSTRUMENT ID0ENTIFICATION NUMBEA

8a. ADDNESS (City. State and ZIP Code)

10. SOUACE OF FUNDING NOS.

Arlington, VA 22217  Arlington, VA 22209 crenentno. | Thencr Taax WO '
61153N RR011-09-41]47-0871

11. TiITLE tinciude Seeurity Classficotion) 62707E 1 OR 40 AA 47_0922

(See page ii)

12. PEASONAL AUTHOALS)

D.P. Murphy, M. Raleigh, E. Laikin, R.E. Pechacek, and J.R. Greig :

138 TVYPE OF AEPOART 130 TiME COVERED 14. DATE OF REPORT (Yr. Mo., Deys 18. PAGE COUNT

Interim FROM TO March 26, 1984 33

16, SLPPLEMENTARAY NOTATION

This research was supported by the Office of Naval Research and the Defense
Advancec lesearch Projects Agency (DoD), ARPA Order No. 4395 Amendment No. 11, monitored by the
| Naval Surface Weapons Center under Coniract NG0921-83-WR-W0

-

expelled/repeiied from the channel.

S/e-present-the results of an investigation of the interaction between an intense relativistic
reduced density channels in ammonia (NH3) at 40 Torr. The channels were produced by absorptiog in the ammonia of
energy from a pulsed CO7 laser. Two channel geometries were studied. The first employed an 2.5 ‘
the nominally 1.2 cm radius REB injected coaxially. The second geometry employed an annular channel with its minimum
density at 2.3 cm radius and near ambient density on axis. The REB was again injected coaxislly. We found that the con-
ductivity induced in the reduced density channel by the REB caused large plasma curremis to flow in the channel. The REB
current and the plasma current flowed in opposite directions during most of the REB pulse, causing the REB to be

[} -WR-W0114,
17. COSAT: CODES 18. SUBIECT TERAMS (Confinur on reverse if necessery end identify by block number)
FiGL0_ | GROUP Sus. Gn, Beam propagation Channels
Relativistic electron beams Tracking
19 ABSTRACT (C. on it Y and identify by dlock number) "r Wit
5> Th t ~1¢ -
15 Aucwotn rtse

n beam (REB) and

radius channel with

\\

20. OISTRIBUTION/AVAILABILITY OF ABSTRACT

uncrassisieorunumTeo B same as aer. O pricussas O

21. ASSTRACT SECURITY CLASSIFICATION

UNCLASSIFIED

22s. NAME OF RESPONSIBLE INDIVIDUAL

D.P. Murphy

22¢. OFFICE SYMQQL

Code 4763

220 TELEPHONE NUMBER
{inciude Ares Code)

(202) 767-2077

DD FORM 1473, 83 APR

CEOITION OF t JAN 73 1S OBSOLETE.

SECURITY CLASSIFICATION OF THIS PAGE




L et e Do d ik Ak B S Rk Lk S CL AR CR SR e e N A e |

Y SECURITY CLASSIFICATION QF THIS PAGE

2o 11. TITLE (Include Security Classifization)
o}
REB/CHANNEL TRACKING EXPERIMENTS IN LOW PRESSURE AMMONIA

' SECURITY CLASSIFICATION OF THIS PAGE

0

oy Wy
N

g WYX W
8,747 .
N

AL A AT e e e T e e e e T e T T e e e e
«" " - .

P AR AN
w0



ST BL TR T ML 5P ARV AxA B S AR Sl i e ) AT R RN L e i MORNE 40 g g St e gt

CONTENTS
- I INTRODUCTION 1
II  APPARATUS 2
S I a) The Test Chamber 2
b) The REB Generator 2
E N c) The CO, Laser 3
I[II EXPERIMENTAL PROCEDURE 3
m a) The Channel 3
§1\ Y b) The Diagnostics 5
2‘ IV RESULTS and DISCUSSION 6
e a) Plasma Conductivity 6
: b) Plasma Current 8
2 c) Propagation in Dry Nitrogen 9
’:’_ ' d) Propagation in Ammonia without Channels 9
. e) REB/Channel Interaction in Ammonia 10
}2 f) Computer Model 11
. . V. CONCLUSION 15
43 VI ACKNOWLEDGMENTS 15
VII REFERENCES 16
-:_4.'
o=
s:j,}

N

I
Accession FEZF
K NTIS GRA&I

= DTIC TAB O
(“.1’ ' D Unannounced O
!

\”;:.:, ELECTE Justifzcation___.__—-——-—/;)";

4

rou APR 1 8 1984 By/____,{.‘e{
: pistribution/ N,

f j | B Availabilif.y_ Cod_e_s

;':’ ‘ B —""jAvail and/er

z‘;g pist | Speclal

iii

SN A e A N ¢ LT R B A AR RSN Yo AR
g e e e e AN S e T e e LT
A ARG




REB/CHANNEL TRACKING EXPERIMENTS IN
LOW PRESSURE AMMONIA

I INTRODUCTION

Particle beams propagating through gaseous atmospheres lose both energy
and particles because of scattering on the gas molecules. This process limits
the ultimate range of particle beams and the power density achieved at any
intermediate range. To extend the range of electron beams in the atmosphere
the process of “hole boring” was conceived.! Meanwhitle, to both guide light
ion beams to their targets in Inertial Confinement Fusion (ICF) reactors and
to increase the power density on target, reduced density, current-carrying ‘
channels produced by laser guided electric discharges have been suggested.2
In both of these concepts the particle beam propagates in a reduced density
channel through the gaseous atmosphere so reducing losses due to scattering.

In a previous experiment3 we have demonstrated that an intense
relativistic electron beam (REB) is guided along a current-carrying, reduced
density channel through the atmosphere provided the auxiliary current in the
channel is parallel to the REB current (IB). Then the channel conductivity is
large, the plasma return current is always equal and opposite to the beam
current and moves with the beam current so that there is no net force on the
beam. However the REB is steered along the channel and held together by the
magnetic field of the auxiliary current.

At high ambient pressures, i.e., near atmospheric pressure, and for
modest REB characteristics, 1.e., I < 10'2 A/s , the conductivity in the
reduced density channel is governed by the inherent conductivity of the hot
channel combined with the collisional ionization produced by the beam
electrons themselves, However at lower ambient pressures or larger values of

iB » avalanche ionization can contribute significantly to the channel
conductivity. In this manuscript we describe an experiment in which an
intense REB has been allowed to propagate in an atomsphere of ammonia at low
pressure.4 Ammonia was chosen for these experiments because of its ability to
absorb the energy from a pulsed C0, laser which permitted the formation of
reduced density channels in an otherwise uniform atmosphere of ammonia.>»® At
the background pressure of ~ 40 Torr (gas density ng = 1.3 x 1018 cm‘3) and
with suitable experiment geometry (See Results and Discussion), avalanche

Manuecript approved January 24, 1984
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?~; {fonization became a major factor in the generation of plasma conductivity. We
;;Ej found that the enhanced conductivity significantly influenced REB propagation.
: II  APPARATUS
s a) The Test Chamber
14 3 These propagation experiments were performed in a large test chamber made
:jﬁ of fiberglass. The chamber was cylindrical: 1.5 m long and 0.6 m in diameter
%?3 (figure 1.). The chamber could be lined with brass screen to change from the -
e initial nonconducting wall boundary conditions to conducting wall boundary
‘:i conditions. One end flange of the chamber was alumi:um and was electrically
?iﬁ connected through the drift tube to the Pulserad 310 electron beam

S generator. The REB entered the test chamber through a thin titanium foil

i ( ~0.038 mm) at the center of the aluminum end flange. There were three
Eﬂ lucite windows in this flange to permit an xray pinhole camera and two xray
3 . PIN diodes to view the interior of the chamber. There were also, windows in
%ﬁ§ the cylindrical body of the fiberglass chamber and in the fiberglass flange at
il the opposite end of the chamber to accomodate other diagnostics.
‘Si The CO, laser beam entered the test chamber through a salt (NaCl) window
$§ on the end of a 2.5 m long extension tube. This extension tube connected to
‘Sﬁ the test chamber through a fast acting, pneumatically operated, gate valve and
2 was filled with dry nitrogen at the same pressure as the ammonia in the test
;ﬂ chamber. The gate valve was opened a few seconds before the firing of the CO,
;2; laser. This arrangement was necessary to keep the power density of the Co,

v laser pulse, as it came to focus, below the damage limits of the salt window.
‘:; b) The REB Generator ;
Z:Z The relativistic electron beam (REB) was produced by a modified Pulserad
"f 310 accelerator, consisting of a 10 stage oil-insulated Marx generator driving
;; a 40 ohm o0il dielectric Blumlein pulse forming line which was terminated with
;;: a cold-cathode field emission diode (figure 2.). Each stage of the Marx
aés generator contained one 0.1 uf at 100 kV capacitor for a total stored Marx

}

energy of 5.0 kJ. Power was swit;hed to the Blumlein pulse forming line

through a self-break oil switch and under ideal conditions, the shot-to-shot f
jitter from trigger-to-Marx to beam firing could be less than + 20 ns. The
diode assembly was a 1.2 c¢cm radius annular carbon cathode (0.63 cm annular P
width) separated by 1.6 cm from a 0.038 mm thick titanium foil anode.

*(PNysics International Co., San Leandro, Ca)
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Typically the electron beam characteristics inside the diode were V = 1.1
MV, I = 24 kA, with a pulse width of 26 ns FWHM. As the anode foil usually
ruptured after each shot, an appropriate foil holder was fabricated to allow
rapid replacement of the anode. Using several such holders, the time between
shots was limited only to that necessary to evacuate the diode to a base
pressure of less than 10-4 Torr, typically 20 minutes. The accelerator could
be fired 15-20 times before a complete cleaning of the diode internal surfaces
and a redressing of the cathode was necessary.

The clear aperture of the anode foil was 10.4 cm and the REB current
emerging through this aperture had a peak current of approximately 19 kA. The
electron beam was transported to the test chamber through a 0.5 m long drift
tube containing a conical return current conductor and filled with dry
nitrogen at a pressure of approximately 20 Torr. At the far end of the drift
tube where it joined the test chamber the return current conductor had
converged to a diameter of 2.3 c¢m and ended in a 2.5 cm thick aluminum block
with a 2.3 cm diameter hole in it. The electron beam passing through this
hole entered the test chamber through a second titanium foil. The peak
electron beam current entering the test chamber was =~ 8 kA and it had a
nearly uniform current density profile across the 2.3 cm aperture.7

c) The CO, Laser

The pulsed CO, laser used in these experiments has been described
elsewhere,8 it is a UV preionized TEA laser consisting of an oscillator and
three amplifiers. The oscillator has been converted to an off-axis confocal
resonator geometry to eliminate unwanted mode structure and the “"crescent"
shaped output beam was masked at the output of the oscillator to give a nearly
uniform, circular laser output beam with diameter 7.5 cm. The pulse delivered
to the test chamber contained ~ 300 J of laser energy. The characteristic
pulse shape was an initial spike of FWHM ~ 100 ns and a tail of duration

~1us .

[I1 EXPERIMENTAL PROCEDURE
a) The Channel

To create reduced density channels in the ammonia gas a 10 m focal
length, salt lens focused the C02 laser beam through the circular aperture on




the salt window that clipped the laser beam to a 2 cm radius spot at the
entrance foil to the test chamber. The distance from the lens to the entrance
foil was 4.5 m. The heated gas expanded to form a simple channel of radius
~ 2.5 cm, where the radial profile of the channel was
n

n(r) ~ 49 + g no (R;:-;;r-‘)4 for r < R

. (1)

chan

In some of the earlier experiments the spot size at the entrance foil was

N ) decreased to 1 cm radius, which formed simple channels of ~ 1.2 cm radius.
g,'f Annular channels, i.e., channels in which the minimum density occurred off
§E§ axis and the density on axis remained near ambient density, were created by
) placing a circular stop at the center of the large circular aperture on the
fg;x salt lens. The laser spot at the entrance foil was clipped to a 1 cm inner
;f33 radius and a 2 cm outer radius. The annular channel that was formed had a
_st density minimum at =~ 2.3 cm radius.

25!

s In all the channel experiments the ammonia fill pressure in the test
%ki chamber was kept constant at 40 Torr. The intensity of the laser beam was

approximately constant and because the effects of absorption and focusing were
N nearly matched, the laser energy deposited in the ammonia gas was fairly
uniform at =~ 25 mJ/cm3 along the length of the channel. This amount of

 \; energy ( » 0.1 eV/molecule ) while several times the thermal energy ( ~ 0.025
1;¢5 eV/molecule ) was negligible compared to the dissociation potential (4.3 eV)
=i§H and the ionization potential (10.15 eV) of ammonia.? At the same time the

“;n vibrational-translational relaxation of the excited ammonia molecule is very

,:zﬂ fasts, ~ 100 ns at a pressure of 40 Torr. Thus we expected to produce

f%;ﬁ channels in the ammonia that relaxed to pressure equilibrium on hydrodynamic
’ff‘ timescales after effectively instantaneous enerqy deposition and we did not
e expect the laser to generate any conductivity in the channe]s.10 These

&Eﬁ aspects of the channel history were confirmed using double exposure

-{;ﬁ holographic 1nterferometry11 and an RF bridge12 respectively.

l;j The optical layout of the holographic system is shown schematically in
é&% figure 3. It examined a cross section of the test chamber 75 cm downstream of
RO the entrance foil. The light source was a Q-switched ruby laser with a pulse

f:f; duration of =~ 25 ns. For the first several microseconds ( < 3 us ) after

deposition of the C0O, laser energy, the density reduction in the channel was
2
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too small to be measured. Thereafter the simple channel was observed to grow
steadily reaching pressure equilibrium with the surrounding ambient gas in
approximately 50 us. The channel relaxed without becoming turbulent!3 showing
still a factor of two density reduction after 1 ms. In both simple and
annular channels the minimum density was approximately one-quarter the ambient
density. In addition, for the annular channels the density on axis first rose
to approximately twice ambient density at =~ 50 us , then settled back close
to ambient density by ~ 100 us . A typical result for an annular channel is
shown in figure 4.

A schematic diagram of the RF bridge is shown in figure 5. Operating at
a frequency of 30 MHz, and with a transmission line length of 1.0 m, this
system could detect a conductivity as low as ~ 103 s=! in a 4 cm diameter
channel., The laser produced conductivity in the channel was always too small
to be detected!

b) The Diagnostics

Apart from the channel diagnostics described above, the diagnostic suite
for studying REB propagation and REB/channel interaction included a time
integrated xray pinhole camera, two xray PIN diodes, three Rogowski coils, and
a Faraday cup. There was too little visible emission when the intense REB
interacted with ammonia gas at 40 Torr to observe the position of the REB by
time integrated visible photography. To test the diagnostic system therefore,
the chamber was sometimes filled with dry nitrogen at low pressure, then the
position of the REB was observed using time integrated white light
photography.

The xray emission from the ammonia gas molecules themselves was also too
faint to observe so metal targets in the form of a tungsten wire grid (0.3 mm
diameter wire on a 1 cm spacing) and a brass sheet were placed in the test
chamber at different distances (z) from the entrance foil. With the targets
at z ~ 0.5 m the xray pinhole camera could see the full diameter of the test
chamber with spatial resolution ~ 1 cm, and the two xray PIN diodes (Quantrad
025-PIN-125) could each see a circle of ~ 8 cm diameter. The PIN diodes were
collimated and shielded inside 13 cm cubes of lead. Also the diode inputs
were filtered with metal foils so that they accepted only xrays with energy
above 30 keV. The PIN diodes' time resolution was ~ 2 ns when biased at
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200 V and they were sensitive enough to detect 0.5 kA of REB in their field of
view. The xray pinhole camera used Polaroid film, a 3M Trimax intensifier
screen and was shielded from the Pulserad diode and the drift tube by ~ 5 cm
of lead.

Rogowski coils were used to measure the net current passing through an
aperture. Rogowski coil RCl was 12 cm in diameter and was mounted at the
chamber entrance foil. RC2 and RC3 were 7 c¢cm in diameter and were mounted at
Z =1 mon the brass target plate. RC2 was coaxial with the channel and RC1,
while RC3 was offset 15 cm. RC3 was used to detect large off-axis excursions
of the REB. The time resolution of the Rogowski coils was -~ 3 ns. Both RC2
and RC3 were in the field of view of the xray pinhole camera. When the REB
deviated enough to strike one of them, its lead foil shielding glowed brightly
in the xray photograph. Such hits sometimes produced unusual signals on a
Rogowski coil or even damaged it.

An evacuated Faraday cup14 collected the charge that passed through its
titanium foil window (thickness 0.038 mm), and measured the potential
difference generated when that charge flowed back to the generator through a
very low inductance coaxfal shunt resistor ( ~ 0.2 x 10-3 ohm). The time
resolution of the Faraday cup was ~ 1 ns. Periodically we installed the
Faraday cup on the Pulserad diode or at the entrance to the test chamber to
theck the reproducibility of the REB.

IV RESULTS and DISCUSSION
a) Plasma Conductivity

The conductivity, ¢ , of the gas in the chamber is a function of the
electron jensity and the gas density, o = a(ne /n). The growth of
conductivity was governed by the production rate of electrons generated by the
passage of the REB through the gas. Four contributions to the rate equation
were direct collisional ionization, avalanche ionization, dissociative
attachment and associative recombination,

. J

d
n = d

e anh_- mn, - an . (2)

I
Ni@m
mIw

+

These four terms are implicit and/or explicit functions of the gas density, n,
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the electron density, n,, the electric field, E, and the REB current density,
Jg. The avalanche ionization coefficient, a , is in particular a very strong
function of the density normalized electric field, E/n. Figure 6 is a plot of
the density normalized avalanche coefficient, a/n , as a function of E/n for

both air and ammonia.l0s13 The avalanche coefficient increases if either the
gas density drops, as in a channel, or the electric field increases. Our REB,
when injected into the lined test chamber with 40 Torr ammonia present
produced an initial normalized electric field of ~ 200 Td. This same REB
injected into a reduced density channel would develope a higher density
normalized electric field of ~ 800 Td.

Being in the limit where the rise time of the REB was longer than any
transit times for electromagnetic waves within the test system, the electric
field generated by the REB was £ = L iN where IN is the net current and L is
the inductance per unit length seen by the REB. Thus the inductance became a
parameter that could alter the electric field. When the test chamber was
lined with a conducting screen this lumped circuit inductance was estimated to
be that for two concentric coaxial cylinders of radii a = 1.2 cmand b = 30
cm,

o b

L o= L. = -»- ln(a ) = Su, (H/m) . (3)
The test chamber sat in a metal walled room of 3 x 3 m cross section. When
the screen liner was removed from the test chamber the outer conducting
boundary radius, b, defaulted to that of the metal experimental room, b ~ 150
cm. The estimated lumped circuit inductance for the nonconducting test
chamber was L.,

"o 150

L = an = -pi- ln(I:z) = .8u0 (H/m) . (4)
Since L. > L. the density normalized electric field, E/n, was larger when the
conducting liner was removed from the test chamber.

The external "knobs" that were turned in this experiment were the gas
density and the boundary conditions. Both these parameters worked through the
rate equaion to adjust the conductivity generated by the passage of the REB.
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'Ei b) Plasma Current

wéi The plasma current is the difference between the net current and the REB

E?\ current: Ip(t) = In(t) - Ig(t). In figure 7 we see that the plasma current
. was negative, i.e., it flowed back toward the entrance foil during most of the
&E REB pulse. It was during this time, when the REB current and the plasma

;k current were in opposite directions, that the instabilities affecting

S propagation arose. In general, when the returning plasma current was larger,

33 the net current was smaller and the instabilities were stronger and more

'3£ destructive. Since the Faraday cup intercepted the REB it was only used

'ﬁ? periodically to insure the reproducibility of the REB. However, we did

-5 monitor the net current, and thus the plasma current, at the entrance foil

Ei: with Rogowski coil RC1 on every shot.

E;i We found we can describe the behavior of the REB in the test chamber in
:S terms of a parameter f*, where

3 I I_(t

ég A %rg;gii < { 'léfgéf;;' Ymax fOr t < 20 ns. (5)

)

o)
N
I.I‘

Note that the peaks of the net current pulse and of the typical REB current
L pulse were not simultaneous, but these peak values were quickly obtainable
from the photographic data. The observed behavior of the REB for different
values of f” is listed in Table 1.

s 4
2oy “;7‘,‘,'
LA T N R

- geemfemmemmmmmcmamcmmmmcmed Table L ____
7 SR S S Behavior .
:i: ~ 0.0 REB goes straight - slight kinking visible
o ~ 0.3 Moderate hosing evident
‘ ~ 0.5 Violent hosing evident
;* ~ 0.7 REB dispersed
ittt ittt ittt ettt ittt ittt ittt
»
¢ 16 . ..
j: A stability analysis*® of a flat current profile REB injected into a
o collisional plasma showed a marked dependence for many transverse oscillations

on the ratio of the plasma current to the beam current. The "hose" mode was
absolutely growing whenever the plasma current was negative (figure 7.), but

&.l‘. ll

SO0l PO

many other fast growing modes were triggered when the returning plasma current
reached 50% of the REB current. It is difficult to make quantitative
comparisons of instability growth with theory because theory is based on small
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amplitude linear approximations whereas all observations were of large
amplitude perturbations of the REB. We did find throughout this study that
whenever £* > 0.5 the beam oscillations became particularly violent.

c) Propagation in Dry Nitrogen

To test the diagnostic suite, propagation experiments were first
performed in dry nitrogen so that we could have time integrated white light
photographs to correlate with the other diagnostics. When the REB entered the
gas filled test chamber it expanded to a radius somewhat larger than the 1.2
cm radius of the entrance aperture because it had been heated by its passage
through the entrance foil( le < 1x 105 eV per foil ). At a fill pressure
of 0.5 Torr N, the REB propagated the length of the test chamber with only
slight kinking evident (f* =0 ). There was little or no dependence on the
boundary conditions, i.e., on the presence or absence of a conducting liner
inside the fiberglass test chamber.

When the fill pressure was raised to 40 Torr N, the boundary conditions
strongly influenced the REB trajectory. With the brass liner in place the REB
exhibited moderate hosing action. Its position deviated by < 15 c¢m from the
chamber axis by the time it had propagated to z = 1 m. The measured value
of £* was = 0.3. With nonconducting boundary conditions, £* rose to = 0.5
and the REB frequently struck the chamber walls (r = 30 cm) by z = 1 m. The
increase in f* indicated an increased plasma current generated along the REB
trajectory. Since neither the gas density nor the REB itself had been altered
it appeared that the changed inductance had altered the electric field and
with it the plasma conductivity through the electron rate equation.

d) Propagation in Ammonia Without Channels

The fill pressure for the ammonia studies was also 40 Torr. We measured
an f* of < 0.3 with the conducting liner in place (figure 8a.) and t* rose to
= 0.5 when the liner was removed (figure 8c.). The REB was moderately
unstable at f* < 0.3 and violently unstable at f* = 0.5. The terms in the
rate equation have very similar values for air and ammonia so the similarity
in behavior of the REB and in f* values was not unexpected.
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e) REB/Channel Interaction in Ammonia

When the REB with a nominal radius of 1.2 cm was injected into a simple
channel of radius =~ 2.5 cm with the test chamber lined by the conducting
screen we measured only small decreases in the net current compared to the
case without the channel (f* > 0.3) (figure 8b). The REB was ejected from
the channel but was not measurably more unstable than the case without the
channel., However when we decreased the radius of the channel from =~ 2.5 cm
to ~1.2 cm, i.e., to a radius more comparable to that of the REB, the REB
was symmetrically ejected from the channel region. Xray photographs of a
tungsten wire grid at z = 0.2 m showed faint annular patterns. The small
simple channel in the lined test chamber had not significantly altered the net
current but it had more effectively constrained the plasma current to the
axis, which caused the symmetric ejection of the REB.

The effect of the ~ 2.5 cm radius simple channel on the REB in an
unlined test chamber was quite dramatic. The measured £ jumped to £ = 0.7
(figure 8d) and the REB disrupted so violently that no trace of it could be
detected on targets as close as z = 0.5 m. The combination of the reduced
density in the channel and the inductive enhancement of the electric field
generated by the REB altered the rate equation terms sufficiently to make
avalanche ionization completely dominant.

The results of all tests with simple channels in a 40 Torr ammonia
background showed that the REB was not attracted to nor guided by the reduced
density channel. Preferential ionization within the channel appeared to
concentrate the plasma current which then ejected the REB. Reduced density
within the channel, not the gas temperature there, was the factor leading to
the preferential ionization within the channel. Indeed, for very short delay
times after the laser pulse, when the gas was hottest but still at ambient
density, the "channel" did not noticibly affect the REB.

The simple channel results led us to attempt trapping the REB inside the
core of an annular channel in the unlined test chamber. Computer modelsl? had
predicted that such a geometry would be stabilizing if the return plasma
current could be held outside the REB. The annular channel had a density
minimum of 25% ambient density at a radius of ~ 2.3 c¢m and ambient density on
axis. We varied the injection timing from 20 us to 20 ms after the laser
pulse and on occasion pushed the laser even harder to make a deeper channel

10
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J
j; but the REB was always quickly ejected from the channel region and then hosed
. violently inside the test chamber.

Subsequently we made a holographic study of the region of the channel
next to the entrance foil. In contrast to the smooth symmetric annular
channels we had seen at z = .75 m we found that the annular structure was
disrupted near the foil. Our previous measurements of the laser energy
deposition in the ammonia gas indicated that about half the available energy
: would actually be absorbed by the gas. We found that a portion of the
ff remainder was being deposited in a surface plasma generated on the entrance
:ﬁ foil. A high pressure bubble formed and expanded outward. This did not
. significantly alter the shape of a simple channel, but the annular channel was
N no longer annular. The REB had to traverse this transition region before it .
R could possibly enter the core of the annulus. On the rare occasions that the K
downstream Rogowski coil, RC2, gave a signal, it was impossible to determine
if part of the REB had tracked down the channel or if the REB had simply
“hosed" across the coil from outside the channel.
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f%. The high pressure disturbance expanded outward =~ 15 cm in the first

'E 100 us . We installed an aperture plate at the entrance foil with a 15 cm

4 long by 1.7 cm inner diameter thin-walled copper tube protruding out into the g
3 core of the annular channel. Unfortunately half the REB was lost at the R
“: reduced aperture and, as the REB tried to expand in the ambient gas inside the iy
?ﬁ tube, more of the REB was lost to the tube walls. Less than 1 kA of the REB

. pulse emerged from the tube into the channel core. Such a low current pulse .
X could not generate enough plasma current to derive any benefit from the 7y
jj annular channel. This low current REB propagated straight ahead whether or -
_;f not a channel was present. 3
[~ f) Computer Model

:E& The rate equation for the production of electrons, Eq. (2), was the

. starting point for the computer model. The first term is the collisional
jonization rate,

J

B e s53x10 T xnx Jg (cm'3 sec'l)

, (6)

Nim

1d
x d




where we have substituted

x = 26.5 eV per ion/electron pair for ammonia |,

and gg = nx6.8x10Y (evem) for ammonia .

The second term includes the avalanche ionization coefficient,

1

a = 3.29 x n x YTE/A) x exp(-2.2 x 10'17/(E/n)) (sec™ ) . (7) g
The third term includes the attachment coefficient,
n = 8x 1012 (cm3 sec'l) . (8)

The fourth term includes the recombination coefficient,

B = 1x 1077 (cm3 sec'l)

. (9)

CGS units were used in all these equations.

The rate equation was supplimented with equations from a lumped parameter
circuit model of the REB/plasma interaction,

IN(t) = IB(t) + [ (¢t (10)

p
where IN was the net current, Ig was the REB current, and Ip was the total

plasma current generated in both the background gas and in any channel that
was present. The plasma current was negative during most of the REB pulse.
Ohm's law related the plasma current to the electric field, -

Ip = AoE , (11)
where A was the area of the plasma, and E was the electric field present,
which was assumed to be uniform across the plasma in this simple model. The .:
conductivity, o(ne /n) , was calculated for both channel and background gas E
regions. Faraday's law related the electric field to the time derivative of
the current,
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\ L(fB+ ip) , (12)

where L was the lumped curcuit inductance that was derived earlier appropriate
to the boundary conditions of the particular test. This last equation was
rewritten as

E o= L iB +LAGE+LAGE, (13)
or E = -pgeaie- - LE (14)

s0 that we had rate equations for both the electron density and the electric
field. Starting from an initial set of conditions the equations were stepped
iteratively in time to predict each of the quantities of interest. The REB
current was assumed to have a uniform current density and to be a half-
sinusoid of 35 ns duration, which peaked at 8 kA. The boundary conditions had
a conducting wall placed at a radius of 30 cm (liner installed) or at 150 cm
(1iner removed). The background gas density was that appropriate to the fill
pressure of 40 Torr. The channel gas density was set to one-fourth the fill
density and the channel was flat bottomed. The REB radius and the channel
radius were independently adjustable. The channel radius could be set to zero
to simulate the shots with no channels.

The results of the calculation for four combinations of experimental
conditions are listed in Table 2. The combinations were:

a) liner installed - no channel
b) liner installed - simple channel present
¢) liner removed - no channel

d) liner removed - simple channel present.
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Table 2
* *

| Roean_ | Rchan_ | Pwalr | Teatc | meas
a) [T 27¢m 87cm "] ""307cm . ST
b) 2 2 30 58 -3

*

b) 6 2 30 .33 -~ .3
c) 2 0 150 .47 -~ .5
d) 2 2 150 71 ~ 7

The model predicted values of £* very close to those actually measured in the
experiment for sets of parameters that closely matched the true experimental
conditions. The one exception was case b). In case b)* the REB radius was
inflated to 6 cm to match the calculated f* value to the measured f*. In the
model the effect of increasing the beam radius was to decrease both the
collisional and avalanche ionization terms in the rate equation for the
channel, thus lowering the overall conductivity. In the test chamber we found
in case b) that the REB quickly wandered out of the channel, thereby reducing
the electron production rate in the channel. Our simple model assumed a
uniform REB current density and no displacement between the REB and the
channel, But note the REB current density on axis for a 6 cm radius uniform
beam is the same as that for a Bennett profile REB with a radius of 2 cm and
displaced by only 1.4 Bennett radii off axis. We typically saw displacements
of the REB of =~ 10 cm by the time it reached the target at z = 1 m, so the
artifice of inflating the REB radius is not so unreasonable. A calculation
with the displaced REB would more closely match the experimental conditions
but was beyond the scope of this simple model.

The effect of changing the experimental conditions was to alter the
values and relative importance of the terms in the rate equations. For
example, in case d), the avalanche ionization rate in the channel was
increased by approximately two orders of magnitude over case a) and dominated
the other terms in the electron rate equation. The model predicted a large
increase in the channel conductivity and a very localized plasma return
current, exactly as observed in the experiment.
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:; v CONCLUSION

E} We have injected an intense REB into a test chamber filled with 40 Torr
7" ammonia gas and observed the effect of boundary conditions and reduced density
fg channels on the propagation of the REB. We have also shown that a simple -
K computer model of the interaction accurately forecasts the most important E

macroscopic parameters of the interaction. The passage of the REB through the =
gas generated conductivity. The conductivity was governed by the rate

Y equation for electron production. Under appropriate conditions, i.e., an
ﬁj enhanced E field due to a remote conducting boundary and the presence of a

S reduced density channel, the avalanche ionization term became dominant and the

” conductivity within the channel increased dramatically. This led to a large
S: plasma return current (f' = 0.7) localized to the density channel and the REB Ex
N was completely disrupted. When the experimental conditions were adjusted so :f
{E the avalanche term was less dominant (f* = 0.3 to 0.5) the REB was again E
'L ejected from the channel and was hose unstable but did not break apart. At no y
2 time did the simple density channels attract or guide the REB; their effect j
il was always disruptive. Certain computer codes have predicted that if a high -
i; conductivity region could be localized in an annular shape around a coaxially
\: injected REB it would have a stabilizing effect on the REB. We were not able y
N to confirm this prediction experimentally. -
R
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