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SIMPLE ANALYSIS OF LIGHT ION BEAM LOSSES
IN DEUTERIUM PLASMA CHANNELS

I. Introduction

In a previous paper,' the magnetohydrodynamic response of plasma channels to propagating light
ion beams has been investigated. The half a centimeter radius channels were assumed to be deuterium
at around 107° g/cm with 50 nsec pulses of .4-IMA/cm?2, 3-5 MeV proton beams injected into them.
Basic phenomena like beam collisional energy losses, heating of the channel, expansion of the channel
due to beam pressure and the resulting reduction in confinement were shown to take place over the
duration of the beam puise. While a window on the plasma density was given, no optimum for propa-
gation was defined. In this paper, Wé present a simple analysis to optimize power density transport of
the ion beam through the channel and show when such an optimization process is possible. In particu-
lar, we concentrate on the energy delivery at the tail of the beam because both voltage and current are
highest at that time (as a result of bunching requirements.) We consider separately the ion beam total
energy losses and the current density reductions in the plasma channel. We look successively into
these two areas and combining them together, we look into the optimization of the power density after

transport in the channel.

This analysis applies primarily to deuterium plasma channels where radiation losses are assumed
to be negligible. If the beam pulse length were short enough or the plasma channel density high
enough, negligible motion would be induced into the channel by the beam over the pulse duration of
the beam pulse. However for very short beam pulse length, not enough energy would be available in
the beam. For high channel density, beam energy losses would be too large and therefore one must
decrease the channel density and allow channel motion on the time scale of the beam pulse duration.

This motion then changes the channel confinement characteristics.
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D. G. COLOMBANT
Two kinds of effects are thus to be considered: energy losses and beam current density reductions.

The beam energy losses are due to decelerating electric fields in addition to the binary collisional energy
losses and beam current density reductions are related to the plasma channel radial expansion. These
two different kinds of effects will be treated separately. Combined together, they lead to a new concept

of overall transport efficiency which we define as

Sou Jou a)

N ™ NNy €in T

where J refers to beam current density, € to beam energy (MeV/proton), "out® to values at the end of

the channel and "in" at the channel entrance (beam injection values).

A brief examination of the channel parameters shows that the plasma density in the channel and
the plasma channel radius just prior to beam injection are some of the easiest to change. Parameters
which characterize channels are chemical composition, magnitude of the current I, which flows
through them, current density profile j,(r), radius r,, mass density distribution p (r) and also radial
velocity distribution in the channel v(r) prior to beam injection. Recently, imploding channels? have
also been proposed as a medium for transporting ion beams and they are presently under investigation.
In the present paper, we confine ourselves to the following choices: Deuterium gas constitutes the back-
ground channel material in order to be able to neglect radiation losses. The channel discharge current
follows from the beam characteristics only and is given by /,,(4) = .5 1079 2 ¥, (cm/sec) where 8, is
the maximum beam injection angle and ¥, the ion beam initial velocity. The current density is
assumed to be uniform up to the channel radius. In a light ion beam transport scheme,>* the beam is
first focused then transported at a radius comparable to the target radius before hitting the target.
Different possibilities for the relationship between the channel and the target radii are described later in
this paper. The channel configuration has been assumed to be a z-discharge initially at rest (v, = 0 at
t = 0). This has been shown to be experimentally and theoretically MHD stable on the channel forma-
tion time of a few usec.>® The mass density radial distribution in the channel prior to beam injection is
assumed to be independent of the radius. Its magnitude can be varied over several orders of magnitude

up to a limit p, when energy losses become too large. This value is given by
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P.SL = ae Q)
where S is the binary collisional stopping power, L is the length over which the beam is to be tran-

sported, and «a is the fraction of the initial beam energy which is allowed to be lost during transport.
For fully ionized deuterium, § = 10%e¢ MeV/g/cm? where ¢ is the proton energy in MeV. The tran-
sport length L derived from bunching considerations is

1

Vo Vr

- T (3)

where v, and v, are respectively the ion velocities at the head and the tail of the beam and 7 is the
beam pulse duration, all these quantities being defined at the channel entrance. For v, = 2v, (energy
ramp increasing to twice its initial value), L(cm) = 3.3 10° e (sec). Combining Eqgs. (2) and (3), we

find a value for p, equal io

a 3.10713¢¥2
—

Fore = § MeV,r = 50 nsec, anda = 20%, p, = 1.3 10~° g/cm’.

Pa= C))

A minimum density must also be achieved in the channel in order to ensure charge and current
neutralization and also not to excite electrostatic instabilities. If such instabilities are excited, the
plasma resistivity becomes much larger than Spitzer resistivity which causes an increase in the net
current as well as large electric fields. If these instabilities are not excited, Spitzer resistiviiy can be
assumed and typical diffusion time of the net current are of the order of a few usec. Thus during a
typical beam pulse, a net current of the order of 1% of the beam current will be added to the channel as
was observed in numerical solutions.! To avoid electrostatic instabilities,” n, > § x 10'7 for the above
par:{meters. This minimum density is about an order of magnitude smalfer than p, given in the exam-

ple above, hence no plasma instabilities occur if more than a few % fractional energy loss is allowed.
I1. Electric Field Generation

At ¢ < 0, there is a small electric field in the channel corresponding to /,. As the beam enters

the channel, electric fields from various sources develop. From the generalized Ohm’s law, they are

B R - T e e -

S s A -t




D.G. COLOMBANT
due to channel expansion with velocity v, which leads to v,B/c and plasma resistivity. In addition,

there is an equivalent electric field due to beam energy collisional deposition.

The electric field terms are all negative with the possible exception of the first one for an implod-
ing channel. The energy losses can be written

!—E—E
dx

where the brackets mean average over an ion betatron orbit. The first term goes from 0 at the channel

£

+pS + v,

center (B = 0, v = 0) to a maximum value at the channel boundary where v, and B usually reach their
maximum. For the purpose of the present simple analysis, a mean value is used for this term which is

equal to 1/2 of its maximum value. Term by term, the electric field is thus:

<v,B>
a) —-——
c
1j» B . N .
From Ref. 1, we get v, = oot However, this relation is correct to zeroth order only. If we take into
0

account the fact that the mass density decreases due to expansion, then to first order, the expression

for the radial velocity becomes

— Unb
' Ty )
where
310°2j,0j.,0f?
X = JoaJepo! (6)

Po
is the expansion parameter and the O subscripts refer to channel and beam conditions at injection. The

reduced velocity is due to the fact that the (; X B} term driving the expansion decreases with radius

faster than the mass density (the current density decreases in the same way as the mass density and the

Loy
B field decreases by a factor (1 + x) as will be shown in Sec. 11I). Now B, = ==, so that

Sry
< V,,B> V,,B jhﬂi('holt nol
—t - L =6410" ——, 7
c 2¢ poll + x)? )
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Note that this term is inversely proportional to p, for small x and proportional to p for large x. Our
simple analysis does not apply to that latter case.

b) pS.

9
This term is simply P _16_0__ V/cm for protons in deuterium with 7, > leV. It is proportional to

(O +yx)?

po for small x and becomes proportional to pq for large values of x (which correspond to small Po).

) M

Using Spitzer resistivity justified by operating at densities around 10" cm~ (o avoid instabilities, this

. , FALLEE L
term is proportional 0 =7/, where the plasma return current density j, has been assumed 10 be

equal in magnitude to the beam current density j,. Due to the small net current (j,, << Js) the most
critical quantity to determine in this expression is 7,. Assuming no radiation losses, we know from

fnol
Ref. | that T, = 3.5 10° i”;“— so that for y << 1,

|
iy = 7.7 1078 € V/em (8)

j,,'l/l"tyz(l +x)

S R T T T TR TR AT

where 1 is in sec and j,, in A/cm’. An order of magnitude estimate shows that this resistive electric
field is equal to 40 V/cm for j,, = 10° A/cm?, 1 = 50 nsec and € = 3 MeV. lts dependence on density

is very weak for small x. Collecting all the terms, the total energy losses may then be written as

dE _ A + Bp, Ce'? 9)
dc  pll4+x(DF T DN+x(OF A +x (0]

From the first two terms, we see that %xé may reach a minimum as a function of p, for small x. We

find that this minimum is reached for

2 1/2
o= [%l . (10)

Note that x < 1 is a necessary condition for a minimum to exist. For small x. the density correspond-

d-x
1 + 3x

ing to this minimum is

an

]l/? 1.4 10 1] ,I/.’jhllfll‘h“el/.’

r‘ I

=14
Pu B
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This expression physically equates the energy losses due to binary collisions to the energy losses associ-
ated with the plasma expansion. Going back to the general case, since we have seen that y is a func-
tion of py, Eq. (10) is an implicit equation for pg. Eliminating this p, between Eqs. (7) and (10), a
relationship between the various beam parameters when a minimum in the electric field occurs is

obtained 1-

gl b (12)

j,,otj =2210"M rj,oexz
This equation shows that when a minimum E field exists, a given fractional expansion x sets a relation-
ship between the beam pulse duration and the beam current density. A complete solution to Eq. (9) is
shown in Figs. 1 and 2. It corresponds to Jog =1 MA/cm?, Iny = 50O kA, Tehg ™ 0.56 cm, e, = 3
MeV in Fig. 1 and €, = 5 MeV in Fig. 2. We find indeed that the minimum in the electric field exists

only for small pulse durations. From Eq. (12) it is apparent that j,,at3 has a maximum as a function of
x which occurs for x = .6. For longer pulse durations or larger j,,o there will be no minimum in the

electric field. This happens for ¢+ > 25 ns in the example of Fig. 1. At the same time that the
minimum disappears, the expansion increases and while the beam current density decreases the electric

field losses decrease also. For bunched cases, Up,t = const), we see from Eq. (12) that a minimum

will be reached more easily since now 2 is smaller. It is important to keep the resistive term in the
electric field at shorter pulse durations (unbunched) since in that case, the resistivity can be significant
because the beam did not have time to heat up the channel to large temperatures. The expression for
the energy efficiency follows directly from Eq. (9). It can be written as

€out - €in — EL - EL

11— —

Ne ™

€in €in €in

Using typical E-field values of Fig. 1, £ = 1.5kV/cm, L = 3 m ande, = 3 MeV, n, equals 85%.
III. B, Field Modifications

At ¢t < 0, the B,-field configuration is assumed to be that shqwn in Fig. 3a. It corresponds to a
uniform channel current density following the formation of a low temperature channel where the mag-

netic field had time to diffuse. After beam injection, we assume that the temperature of the channel

6
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has increased due to beam deposition and that the expansion is self-similar (the velocity increases
linearly from the center to the edge of the channel). Because of the large conductivity due to channel
heating, we assume that the B-field has been convected out with the plasma channel and that the max-
imum B-field is now reached at r(1+x) as shown in Fig. 3b. Its maximum value has decreased from
By to By/(1+x) since the same total current /, is assumed to flow in the channel. In fact, this
assumption keeps the total flux f Bdr constant and the beam stays confined. We assume that the beam
adjusts instantly to new channel conditions and that the change in beam radius follows the change in
channel radius. Thus, because of the expansion, the current density is reduced by a factor (1 + x)2.
This model assumes a free channel expansion and does not take into account the fact that there can be
a sharp density jump at the channel boundary, nor that the temperature has remained low in the outer

region leading to diffusion of the B-field there.
The current density reduction factor is thus
Jour - 1

"in (1+ X)z '
In the present form (no V p effects on x), it does not depend on beam energy. It does not show any

n,= (13)
extremum and leads to low values of n, (<50%) when channel expansion occurs (x =2 0.4). This
current density drop due to channel expansion may be more restrictive than electric field losses as seen

in Fig. 4.

We can now combine the energy transport efficiency n, and i, in one quantity defined as:

N ™ NNy
This expression can be written in terms of first order quantities again and the analysis is quite lengthy.
It can be shown that a maximum for n, occurs as a function of p,. Physically, it happens because 7,
decreases for increasing po while , increases. An implicit equation for this optimum value of the den-

sity is given by




D. G. COLOMBANT

= 0-00+0% = VU= CPA+x)% + 4B U+ ) (1 +3)
Po A'(1+ 5x)
where

A'= ALle
B'= BL/e
C'= CEUzL/U[,al)m-

Figures 5 and 6 show n,, for the same parameters as used in Figs. 1 and 2. We see that the maximum

occurs for increasing p, as the beam pulse duration increases and that this maximum is very broad.
The maximum values for n,, depend on the energy of the beam which affects the energy transport
efficiency. These calculations have been made for a 3 m long channel — longer channels would reduce
the energy efficiency further. For these conditions, we see that it is difficult to achieve an overall v,
greater than 50% for long pulses (1 > 40 nsec). In order to increase the total efficiency, it is necessary

to consider transport schemes that have the following options:
a) the channel expansion is limited by means such as surrounding gas blanket or magnetic field.
b) the channel implodes initially.
¢) the channel is allowed to expand but is followed by a focusing element.?

1V. Effects of Plasma Channel Radius

The previous analysis has been made supposing that the plasma channel radius was 0.56 c¢m ini-
tially (corresponding to an area of 1 cm?). However, the conclusions just reached suggest the use of a
focusing element after the transport plasma channel as one possibility. This solution has very important
implications for the whole transport scheme concept. It indicates that a) constraints on the channel

radius can be relaxed and transport can be performed at a radius larger than the target radius b) current

density reductions can be compensated for by focusing the beam at the end of the channel whereas
energy losses cannot. In this section, we look briefly at the influence of channel radius on both energy

losses and transport total efficiency. The formulation is the same as that used previously. We just
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replace the beam and channel current densities by the beam and channel total current divided by 7 r3,.

The total efficiency can then be written

1
Ny ™ —'—a_'—f
1+—==
’cho
A" BPO C"fd,o
T+ Y
pord 1+ = 1+ 1+ -2
0 4 4 4
’cho 'cho ’cho (
1- - 14
€in )

where

a= 31073 laolu.olz/Po

A"=6.4x 1072 4, I3 1

C"= 177 CeJY U2,
Note the 4th power dependence on Feng which comes into various terms and which has been pointed out
in the expansion parameter x previously. In general, it is complicated to see the effects of channel ra-
dius on either the energy losses or the transport total efficiency. Solutions 1o Eq. (14) appear in Fig. 7
for the energy loss efficiency and in Fig. 8 for the transport total efficiency as a function of r, and p,
for the following parameters: /, = | MA, [/, = S0 kA, €, = 3 MeV, 1= 40 nsec, L = 3 m. The
effects of the plasma channel radius are now more easily apparent. The energy loss efficiency depends
weakly on the channel radius at low channel density as shown in Fig. 7. In general, using small radii
causes the plasma to expand so that the final radius does not depend strongly on initial radius. The

curves drop as a functions of p, because of the collisional energy losses.

As for the overall transport efficiency, note in Fig. 8 the S-shape of the curves. At small radi:,
current densities increase and channel expansion can be large leading to small n,. At large radii,
current densities decrease as well as channel expansion and n, becomes equal to n,. Increasing the
channel radius to more than 1.2 cm at p, = 107 g/cc or to more than 0.6 cm at pg = 1.6 1075 g/cc
will not bring any significant increase in the value of n,. At these radii, the decrease in n, with p, is

due to the decrease in n, with p,.
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Notice that these results are given at ¢ = 40 nsec while previous results were given as a function

of time.

V. Conclusion

We have shown that in order to minimize electric field losses in a plasma channel where a high
intensity light ion beam is injected an optimum density exists for low-Z material and short pulses. We
have also shown that no optimum density minimizes reduction in current density associated with the
outward convection of the B-field. Finally, we have seen that an optimum density may exist for the

overall beam energy flux efficiency.

A practical way of choosing the initial channel density in a channel initially at rest is to ensure that
it remains close to p, which is the maximum allowable beam energy degradation, thus providing the

highest inertia to beam-induced motion and limiting changes in the initial B-field.

In order to increase the overall beam power density transport efficiency one of the following
schemes needs to be considered: channel surrounded by gas blanket, imploding channels and finally
channel followed by focusing element. The advantage of this latter scheme is that it can cancel com-
pletely in principle the reduction in current density, leaving only energy losses in the channel which
depend only weakly on channel radius. For example, the case of /, =~ 1 MA, /, = S0 kA, L = 3 m,
r = 0.56 cm shows an overall efficiency less than 50% for beam pulses longer than 40 nsec. However,
when this same beam current is allowed to propagate in a channel of 1 cm radius for example followed

by a focusing element, then the overall efficiency can get as high as 90%.
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Sprinpgfield, VA 221A1 (24 coples)

Commander

RMN Sygtem Nommand

», N, Rox 15NN
Huntsville, AT. 13SR07
Attn: SSO=TFM
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Commander

Harry Niamond Tahoratories

290n Pouder M{11 Poad

Adelphi, MN 207873

(CNUNT-TNNFR FNUFLOPF:

ATTN: DF]HN=RRH)

Attn: DFLEN=NP
PFINN=RCC I, A, Posado
PRYNA=RBE P, A, Caldwell
NRYNN=-RRH N, Schalthorn
PRYNOA-TT Tech 1ih,
S, frayhill

Commander

Picatinny Arsenal
Mover, I'T  N78M
Attn: SMITPA ND-N-F

Commander

m,S, Army Missile Command

Redstone Arsenal, AV 152Na

Attn: Redstone Scientific
Tnformation CT™R
NPCPMaPM=PF<FA

Commander

1,5, Armv Nuclear A4pencvy
7500 Raekliclh Road
Ruilding 2073
Springfield, VA 22150
Attn: ATCN=T7

Commander

.8, Army Test and Fvaluation COMD
Aberdeen Praving Cround, MM 2100§
Attn: TDPSTF-F],

formmander

Naval Flectronic Systems CMD HOS
fashington, N.r, 20360

Attn: Code 5n32

Commanding Nfficer

Naval Intelligence Suapport Center
41M Suitland Poad ~ Rlde, S
ashington, N.C. 20700

Attn:  MNMISO=A4S

nFP Chief of staff for RSCH DFVY & ACO
Nenartment of the Armv

faghineton, N,C, 20310

Attn: DPAMACORM-M
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Attn:

Code
Code
Code
Code
' Code
Code
Code
Code
Code
Fade
Code
Code
Code
Code
Code
Code

Attn:

Attn:

Maval Research lahoratory

Name /Code

Washington, ND.C. 20375
Addressee:
2628 - TIC-Distribution (25 copiles)

4040 - J, BRoris
6682 - D, Nagel

4700 - T, Coffev (26 copies)
4707 - J, Mavis

4730 - S, Rodner

4740 - V, Cranatstein

4760 - R, Ppohson

4704 - C, ¥apetanalos

471n,1 - 7, vitkovitsky
4771 - D, Mosher
4773 - 1, Coonerstein

4700 - D, Colombant (10 copies)
4700 - T, Vaher
4790 - P, Sprangple

4700 = M, Tampe

Nfficer-in-Charge

Naval Surface Veapons Center
White Mak, Silver Spring, MDD 20010
4 Attn: (Code VR4R
{ Code VASN1-Nayy Nuc Prgms Off
| Chief of Maval Operationg
Mavv Department

Vashington, N.C. 20350

Attn: P, A, Rlaise A04C4H
Commander
Maval "eapons Center

China lake, CA 013555

Code 537 Tech Lib,

A¥ Weapons lahoratorv, AFSC
virtland AFB, ™M R7117

CA

F1.C

N

sy

nvp

J. Parrah
", 1. Raber

HQ NSAR/PD

Washington, N,C, 20130

Attn: PHOSM

Mrector

Joint Strat TCT Plannine Staff JCS
OFFIIPT AFR

Mmaha, NB 6R113

SAMSN/DY

P. 0. Rox 92940
Worldway Postal Center
T.os Angeles, CA 90000
(Technology) Attn: DYS

QAMSO /MN

Norton AFB, CA 02409
(Minuteman)

Attn: MNNH

SAMGN /8K

P, 0, Rox 12940

Worldwav Postal Center
Tos Angeles, CA 20009
(%pace Comm Systems)
Attn: S¥®¥ P, 1, Stadler

1.8, Nepartment of Fnerey
Nivision of Tnertial Fusion
Vashington, N,C, INS4S
Attn: ., Canavan (? copies)
T, ¥, Codlove
<, L. ¥ahalas

Arponne Vational Tahoratory
700 South Cass Avenue
Argonne, Tllinnis AN430
Attn: €, R, Mapelssen

P, J. Martin

Rrookhaven MNational Iaboratory
Inton, NV 11973
Attn: A. T, Maschke

Tawrence Rerklev Taboratory
Rerkelev, CA Q4720
Attn: DN, Yeefe

Tawrence livermore National Tah,
P, N, Rox ANe
Tivermore, CA 04550
Attn: T-1%
1.-153
v, 0, Rancerter
P, T, Rriges
F. P, Tee
Jo 1, Wyckolls
S. S. Wy
Tech Info Nept. 1~3

National Rureau of Standards
Vashinpton, D.C, 2N234
Attn: J. Leiss

Attn: JSAS
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Mational Science Foundation
Mail Stop 19

UYashinpton, N,C. 20550
Attn: N, Rerlev

Sandia National lahoratories
P, 0O, Rax SKNN

Alhuauerque, ¥ 87115

Attn: T, P, Freeman

S. Hurphries

n, T, .Johnson

r, V, Yuswa

P, S, Miller

J. P, Vandevender

C, Vonas

NPoc Con for 3141 Sandia RPT Coll

AVCN Pegearch and Systems Croup
N1 lowell Street

T{lmington, MA NIRRT

Attn: Pesearch Lib. ARIND Rm, 7201

R Corporation, The
795 Jones Rranch DNrive
Melean, VA 7010
Attn: Tech Tih,

Roeing Companv, The
P, 0 Roy 3707
Seattle, A 02104
Attn: Acraspace Lib,

Corne'l "niversitv

Tthaca, YV TAR8D

Atrn: N, A, Haprer
P, N, Sudan
Je Maenchen

N{kewood Tndustries, Tne.
100 Rradbury Prive, SF
Alhaaueraune, ™ R710A
Attn: T, V1, DPavis

Fe&eC, Tnc.

Albnauerque Nivision

P, N, Rax 10218
Alwnaneraue, ™M R7114
Attn: Technical Tibrarv

Ford Aerospace & Communications Corp
1019 Pahian Vav
Palo Alto, CA 94303
Attn: Tibrary
Pr, P, McMorrow ™S 3N

Ceneral Flectric Company

Space Nvis{on

Vallev Forge Space Center

Coddard Rlvd.,, Ving of Prussia

P, N, Rox 85585

Philadelphia, PA 10101

Attn: J. ©, Penden VFSC, Rm, 423NN

Ceneral Flectric Comnanv
Tempo-Center for Advanced Studies
R16 SQtate Street (P, N. Drawer 00)
Santa Rarbara, CA 01N2

Attn: DASTAC

Crumman Aerosnace Corporation
Rethnage, YV 17714
Attn: P, Suh

Tnstitnte for Nefense Analyses
400 Armv=Mawvv Drive

Arlinpton, VA 22902

Attn: TPA Tihrarian P <, Smith

Ton Phvsics Cornoration
South Reford Street
Rurlineton, MA 01803
Attn: H, Milde

Tan Smith Associates

2115 Cibhens Prive
Alameda, CA 04501

Attn: T. Smith (? conies)

TRT Corporation

D, N, Rax RINQ7

San Niepo, CA Q21137
Attn: P, T, Yerts

JAVCOR, Inc.
N8 S, thitineg Street
Alexandria, VA 7272304
Attn: J. Cuillorv
», Hubhard
P, Sullivan
N, A, Tidman
S. Coldstein (1IN copies)

JAVCOP | Tne.

1401 Camino Nel Mar
Nel Mar, CA 09014
Attn: F., Venaas
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Vaman Science Corporation
D, 0, Rax 7487
Colorado Springs, CO R0933
Attn: A, P, Rridges

N, H, Rryce

J. R, Hoffman

W, R 'y Wa re

Tockheed Missiles and Space Co., Inc.
7251 Hanover Street

Palo Alto, CA 94304

Attn: 1., ¥, Chase

MTT
Massachusetts Institute of Technology
Camhridee, MA 021130
Attn: P, C, Navidson
, Rekefi
N, Hinshelwood

Maxwell Taboratories, Tnc.
0244 Ralboa Avenue
San DNiero, CA 02123
Attn: PR, W, Clark
A, C, Volb
P. ¥Yorn
A, R, Miller
J. Pearlman

MePonnell DMouglas Corporation
5301 Polsa Avenue

Puntineton Reach, CA  072A47
Attn: S, Schneider

Missjon Pesearch Corporation
1400 San “ateo Rlvd, SF
Albhuauerque, M 27108

Attn: R, R, Codfrev

Mission Research Corporation-San Nlepo
b, 0, Rox 1200

lalolla, CA O201R

Attn: V,A.TJ. Van Lint

Yission Research Corporation
715 State Street
Santa BRarhara, CA 91101
Attn: W, T, Hart

Ce T.. Tongmire

Marthrop Corporation
Flectronic Mvision
7101 Vest 120th Street
Mawtharne, CA 9N7250
Attn: V, R, NeMartino
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Northrop Corporation

¥Morthron Research and Technology Ctr.
2401 West Broadway

Hawthorne, CA 907205

Physics Internat{onal Co.
270N Merced Street
San leandro, CA 94577
Attn: J, RBRenford

R. Rernstein

R, Cenuario

¥, B, foldman

A, J. Toepfer

Pulsar Associates, Tnc.
1149} Sorrento Valley Rlvd,
San Neipo, CA 02121

Attn: C, Y. Jones, .Ir.

R&D Associates
P, 0, Rox 9605
Marina Nel Rey, CA 9N20]
Attn: W, R, Craham, .Tr,
M, Crover
C. Machonald
F. Martinelli
T.. Schlessinper

Science Applications, Inc.
P, 0, Rox 21351

Tainlla, CA 97013R

Attn: T, Pohert Revster

Spire Corporation
P [g] Rox N

Redford, MA 01730
Attn: R, 1, Tittle

SRT International

3313 Ravenswood Avenue
Menlo Park, CA 94025
Attn: Setsuo Ndairiki

Stanford Universityv

SLAC

P, 0, Box 4340

Stanford, CA 041305

Attn: WY. B, Herrmannsfeldt

Systems, Science and Software, Tnc.
P, N, Rox 48013

Havward, CA 04540

Attn: N, A, Meskan
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P, 0, Rox 1620

lalnlla, CA 9201R

Attn: A, R, Yilson

Texas Tech lniversityv
P, N, Rox H404 North Cnllepe Station
Tubbock, TY 79417

Simpson

Attn: T, T,

™ Nefense and Space Svs Croup
One Space Park

Redondo Reach, CA aN27R

Attn: Tech Tnfo fenter/s-1213N

Imiversitv of California
Nent. of Phusics
laJolla, CA 02037

Attn: ¥, Rrueckner

I'miversitv of California
Raelter Hall 7711
l.os Anselos, CA

Attn: F, F, Chen

ann 4

"niversity of California
Trvine, CA 00074
Attn: n, Renford

N, Poatoker

Imiversitv of Rochester
Taharatorv of Taser FTnergetics
River Station, Hopeman 110
"achester, YV TAR77

Attn:  Pr, Fastman

Voupht Corporation
Michipan NMvision

11 1) Van Mwke Road
Sterling leiphts, MT  4ARNT77
Attn:  Tech Tih
Rhatha Atomic Researceh Centre
Tamhav - /.('\(‘I\PR’ Tntia
Atrn: R, ¥, Codwal
A. %, Maithankar
C¥A, Centre de Ttudes de Valduc
[ S WA
21120 Ts=sur~Tille
FRANCT
Attn: J. Rarbharo
e Bruno
M. Camarcat
C, Paton

. Peugnet

AR

Fcole Polytechnique

Taho. PMT

01128 Palaseaun

FPANCE

Attn: J. M, Ruzzi
H, Doucet

Cedex

Tnstitut d’Flectronique Fondamentale
miversite’ Paris ¥I-Bat, 2720
FN1405 Orsayv
FRAMNCF
Attn: €, Gautherin
Tnstitut Fur NVeutronenphvsik

un Reaktortechnik
Postfach W40
Fernforschunpszentrun
N=7500 ¥Yarlsruhe 1
Weat Cermanv
Attn: U, I, ¥arow

v, Schmidt

Tnstitute of Atomic Tnerev
Academia Sinica = Peking
Paonle’s Republic of China
Attn: R, Honp

Tnstitute of laser TFneinseering
Nsaka lniversity
Vamadakami
Suita
0Osala S5AS, .Japan
Attn: ¥, Tmasaki
S. Nakai
€, Vamanaka

Tnstituto ™ Tnvestipaciones Cientificas
vV Technicas Ne Tas Fuerzas Armadas

Aufriatepui v Varela

v, Martell{ 16073

Pcia Rg, As. = R, Argentina

Atrn: ¥, R, Camissn

Max=Planck=Tnstitut fur Plasmaphvsil
RNAA Cachine hei “Munchen

Vot Cermanv

Attn: P, Tenovel
Phvsical Pesearch labhoratorv
Mavranaenura
Ahmedahad - 80000

Attn: VvV, Ramani

- Tndia

Shiva it miversitv

Yolhapur, Tndia
Katkan

Attn: 1. M.
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Ueizmann Institute of Science
Rehovot, Israel
Attn: A, F, Blaugrund

v, Mardi

7. Zinamon

SAMSN/ IV
P, 0. Box 92960
Worldway Postal Center
' l.os Angeles, CA 9A0NNQ
Attn: INMD MAY D, S, Mugkin

",S. Department of Fnerpgyv
P, 0, Rox A?
Nak Ridge, ™ 37830 (5N copiles)

Tmiversitv 1llinois
Urbana, TI. 61801
Aten: 1, H, Miley

J. T. Verdeven

CFA, Centre 4’ Ftudes de Timeil
R. P, 27
04100 villeneuve Saint Ceorges
FRANCE
Attn: A, Bernard

A, Jolas

T.os Alamos National Tahoratory
P, N, Rox 1A61Y
l.os Alamos, M R7S54S5
Attn: N, B, Venderson
P. B, Perkins
.. F. Thode

Ford Aernspace & Communications Operations
Ford & Jamboree Roads

Vewport BReach, CA A2AARY

(Formerly Aeronutronic Ford Corporation)
Attn: Tech Info Section
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