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~ The time dependent impedance behavior of large-aspect .ratio. pinched-electron-beam diodes is
studied using a computer simulation model. The results from a series of particle code simulations
are used to construct a picture of the diode impedance as a function of voltage. This description
is then used to compare calculated diode current with actual measured values , and good agreement
is found. The code is also used to study dynamic pinch formation and ion current generation. A
focusing model for the ions is presented ._~
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TIME DEPENDENT ELECTRON AND ION
FLOW IN PINCHED-BEAM DLODES*

INTRODUCTION

In order to gain a better understanding of the dynamic processes tak ing  place in hi gh-

aspect -ratio pinched-beam diodes , a two-dimensional computer  s imulat ion code DIODE2D has

been developed to study these processes for a wide range of diode para~~eters. This code.

which follows the relativistic dynamics of electrons and ions coupled to their  self-consistent

electric and magnetic fields , contains a fully t ime-dependent emission scheme which  allows

time dependent diode phenomena to be studied. Figure 1 shows the diode geometry used in

the simulations. Both flat faced and hollow cathodes were simulated. For flat faced cathodes

(Fig. la) Uectrons are emitted self-consistently all along the whole cathode (K) while  for hol-

low cathodes (Fig. ib )  electrons are emitted only over a region of radial width ~R. Since the

version of the code used in these studies allowed only a rectangular simulation region , the po-

t ent ia l  along the  remaining segments of the boundary was graded to emulate the actual

geometry. Emission of the ions from the anode (A) , also self-consistent , was usually over its

full face out to the outer radius of the cathode.

In this report , we first look at a composite picture of the impedance of the diode which is

the result of many simulations. This description of the impedance is then used to analyze ex-

perimental data from two representative shots , one taken on Gamble I and the other taken on

Gamble II. The diode current  for the shots is calculated as a function of t ime usin g the experi-

mental ly measured corrected voltage as an input  parameter.  The calculated currents  are then

Manuscr ip t  submit ted  January  18 , 1978.



- S

LEE AND GOLDSTEIN

compared to the measured currents  for the two shots.

The dynamic details of one of the simulations used to construct the impedance pic ture  is

then presented. The collapsing hollow ring and pinch formation are shown , as well  as, th e to-

tal diode current  and ion current  as a function of time. We then model and show the project-

ed ion focus.

DIODE IM PEDANCE:

In our numerical studies the primary goal at this stage was to determine the impedance of

the diode as a function of various diode parameters. Limita t ions  of computational speed make

it impractical to st imulate the complete time history (50-100 risec) of the pinched-beam diode.

Simulations describing S nsec of real time can be calculated, however , and this is sufficient

time for an ion induced pinch to form for diodes with radii less than approximately 10 cm if

the dynamics of cathode and anode plasma generation are ignored. W e will  assume that  at the

beginning of the s imulat ion both the cathode and anode plasma exist over all or some part of

the cathode or anode. This control of th e actual emission regions is used to model the regions

where actual plasma generation and electron/ion emission take place. In th e emission regions

the electrons and ions are emitted in a t ime dependent , space-charge-limited manner .  The

electron and ion dynamics are then followed unt i l  a quasi-steady state is reached , if ever. It

should be rioted that in some of the data presented here the simulations did not reach a

steady-state although the total current  reached a quasi-steady value.

Two types of diodes were studied. The first has a full , flat faced cathode with a maximum

radius , R, of 5 cm and RID’s from 4 to 30, where D is the gap spacing. The second is a very

hollow , flat faced cathode with R of 6.4 cm , .~RIR of 0.11 , and R/ D  of 20. Here .~R is the 
radi-2
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al width of the emi t t ing  surface on the  cathode. Both diodes were simulated for cases wi th

both electron and ion currents and then electron current  only .  The total current  for one diode

in which ions were emitted only from R = 0 to R 3/4R was also calculated at an RID of

10. Figure 2 shows a plot of the total diode curre nt  scaled by DIR as a function of voltage for

each of these diodes. The dashed lines connect results obtained at an RID of 20. The closed

and open squares represent data for a solid cathode with  and wi thout  ion current .  The shaded

region connecting triangular points represents the computed diode current  for a hollow cathode

wit h .~R/ R  oj 0 .1 l .  The upper bound in th is  case bei ng for electron plus ion current  whi le  the

lower bound in this case being for electron plus ion curren t  while the lower bound is that  for

electron current  only.  The plus symbol represents the calculation for the case where the ion

emission was only for radii smaller than 3/4 R. Also plotted for reference in Fig. 2 are the sa-

turated parapotential  current 8.5 (kA ) y in [y + (~ 
2 — 1) I/2 J RID (curve PP) and the criti-

cal current for self pinch 8.5 (kA ) (
~ 

2 — 1) 1/2 RID (curve CC) curves.

In the upper half of Fig. 3 the experimental  voltage and current  curves are shown for

shot 5707 on Gamble I . The very hollow cathode used had an outer radius of 42 mm and a ra-

dial emission width of 7 mm. After whisker exposion the corrected gap was taken to be 3 mm

and an average p lasma closure velocity of 1.8 cm4tsec was inferred from an analysis using the

so called “semi-emperical ” current formula. 2 The lower half of Fig. 3 shows the effecti ve gap

and the measured impedance as a function of time. The ini t ia l  plasma motion is assumed to be

correlated with  the onset of the current and hence delayed somewhat from the voltage rise.

The gap, as a function of time , is given by D ( T)  3.0 — 0.018 ( T  — 9 ) , where D is in mil-

limeters and Tis in nanoseconds.

Figure 4 shows the voltage , current , and impedance curves for shot 1776 on Gamble II.

Another very hollow cathode was used with  an outer radius of 65 mm and a radial emission

3
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width of 4 mm. The ini t ia l  corrected gap was taken to be 4 .4 m m and the average p lasma clo-

sure velocity, calculated from the t ime to short circuit , was 4.0 cm/M sec. The gap, as a func t ion

of t ime , is then given by D ( T)  = 4.4 — 0.04 ( T  — 1 0 ) .

Table 1 gives a summary of the important  parameters for the  two shots. Shot 5707 was

analyzed for times from 40 nsec to 100 nsec whi le  shot 1776 was analyzed from 40 nsec to 100

nsec. is the t Ime at which the pinch was formed on axis. The effective RID varied wi th

time as the  gap closed. In shot 5707 RID was 20 at 40 nsec and became in f in i t e  when  the

diode sorted out.  Since all the simulations for hollow cathodes were at RID = 20 it is implicit-

ly assumed that  to lowest order the current , at a fixed voltage , increases l inearly wi th  RID.

This seems to be true for th e very hollow cathodes.

In Fig. 5 the normalized current versus the corrected voltage is plotted for the two shots.

The ‘ pper dashed line is the total current , electron plus ion , for the RI D 20 very hollow

cathode simulations given in Fig. 2. The lower dashed line is the electron only current  from

the same simulations. The two curves plotted on the upper part of the figure are the evolution

in time of the normalized current versus voltage for the Gamble I and Gamble II shots. The

arrows along the curves point in the direction of the advancement of t ime. The vertical arrow s

indicate the time at which  the pinch arrived on axis. In the analysis of the data the linear gap

closure model discussed previously was used.

Since ion flow in the diode is necessary for pinch formation , ~ one would expect full elec-

tron and ion flow to have developed at about th e time the pinch forms on axis. The voltage .

current characteristics would then be expected to follow the upper dashed curve on th e figure.

Shot 5707 , the Gamble I shot , follows the simulation curve remarkable well shortly after the

pinch forms on axis. The data for the Gamble II shot , 1776 , al though in the general vacin i t y is

somewhat lower than the  predicted value.

4 
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The key feature in the  analysis of the data is the  model for the gap closure. The experi-

mental  data cannot  be analyzed directly since the  gap, as a func t ion  of t ime , cannot  be meas-

ured direct l y .  In order to compare the experimental  data wi th  the s imula t ions  we must

somehow model the dynamics of the gap. Of all the areas of diode physics the formation of

th e cathode plasma by wh isker  explosion and its subse quent motion is probably the least un-

derstood. It is usually assumed that  in the first few nanoseconds of the pulse the field emis-

sion current  flowing in the cathode whiskers heats them unt i l  the y explode forming a cathode

plasma sheath.  The formation of the sheath and its resultant expansion velocity seems to

depend critically on the in i t ia l  r ise-t ime of the electric field. 2. 4 For lack of any better idea one

usually trys to find the average expansion (closure ) velocity. This seems to work fair ly well

wi th  the l ower power machines such as Gamble I and , hence , the good agreement in Fig. 5.

On Gamble II , however , there are other  competing mechanisms: namely ,  the heating of

the cathode by electrons returned by the time dependent electromagnetic fields due to induc-

tive effects in the diode , and from ion current  s t r ik ing  the cathode with  current  densi ty in-

versely related to the diode gap and radius. Both of the  mechanisms could increase the closure

velocity as a functi on of time. In l ight  of these effects , we have investigated a simple model

where we arbi t rary assume that the plasma velocity increases l inearly in t ime from some in i t ia l

value. The difference between the average value , which  can be calculated from the t ime of the

short circuit , and the initial  value is a parameter in this  model. Figure 6 shows a comparison

between the constant velocity model and the l inearly increasing velocity model. The difference

between the  two models , since both have the same average velocity , is that  the gap closes

more slowly at first in the latter. Using a value of a equal to 0.5 , we have re-analyzed shot

1776 and the results are seen in the lower figure on Fig. 5. Using this  model then gives a

much better fit of the experimental  data to the simulation results. This , of course , in no way

5
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proves that  the gap closes in a nonl inear  fashion but  since there  is other  evidence for the  pre-

viously discussed mechanisms this  just  re-enforces ones belief tha t  pla sma gap closure is a

complicated and not very well understood phenomenon .

TIM E DEPENDENT PINCH FORMATION AND

ION GENERATION:

In this section details of the time dependent formation of a p inch from a very hollow

cathode are presented. The parameters for the simulation are as follows: the  diode voltage ,

750 kV , the outer radius of the cathode , 6.4 cm , th e radial width of the emi t t i ng  surface , 7 mm ,

and the  anode-cathode gap was 3.2 mm . Ions were emit ted over the  whole anode out to the

maximum cathode radius. Figure 7 shows the diode geometery and a composite picture of the

electron current  densit y collected on the anode plane as a funct ion of time. The collapsing

hollow ring, which reaches the  axis and forms the pinch in about 2.5 nanoseconds , is clearly

seen. Al though the peak current density in the pinch region is extremel y high , of the  order of

1.6 MA/cm 2 only about 40 kA of total electron current  are contained wi th in  the pinch.  The

pinch itself was not stable in this  simulation but  would disappear soon after forming.  Then at

some intermediate radii , between 2.5 - 4.5 cm , one or two hollow rings would rea ppear. They

would the n collapse in about 1.5 to 2 nanoseconds to re-form the p inch.

The small peak in current  density at large radii is most probably due to electrons emitted

from the inside edge of the cathode. The maximum of this peak is a current  of about iS

kAlc m 2 and amounts  to a current of about 60 k.4 , or more than that  in the p inch itself .  The

remaining current , approximately 250 - 300 k-A is spread out more or less uniformly in radius

over the anode.

6
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The total diode current  and the  ion current  collected on the  cathode are shown in Fi g. 8

as a function of t ime.  The first t h ing  to take note of is tha t  the total  diode current  remained

very steady for the  durat ion of the s imulat ion at a value of about 550 k-A. On the other  hand

the ion current , and hence the electron current  also , oscillated i n t ime.  The average value of

the ion current  was around 140 k-A giving an average ion cur re n t  to electron current  ratio of

1/3. The ion current , which  would peak some 0.2 - 0.3 nanoseconds before the p inch  formed

on axis , had maximum values near 170 kA.

In Fig. 9 the density of ion current collected by the cathode , at the time of the first max-

imum of the total ion current , is plotted as a function of radius. This figure is representat ive of

the ion current  density during the collapse of the ~‘ ectro n hollow ring on the anode. The peak

of the ion current  density, which ha s a value of about 9 kAlcm 2 , i s located at the radial posi-

tion that  the electron ring had on the anode when the ions were emitted , some 0 4

nanoseconds earlier.  The average ion cur ren t  density over the whole cathode is — 2 k.-l~cm 2

We now use the result s of this  s imulation to model the ion focusing by a shallow spheri-

cal anode with a radius of curvature of 12.5 cm. The planar geometry used in the s imulat ion

was mapped into  the spherical dish geometry used in the acual experi ments .  The ion orbits

calculated by the code were then  geometrically projected into the region outside of the non-

emi t t ing  portion or the cathode. The variation of ion direct ions at the cathode , abo ut 2 de-

grees , were taken in to  account when the  projecti ons were calculated and the  ion current densi-

ty was averaged over a complete oscillation period . Figure 10 now shows the axial variation of

the radial current  densi ty profiles as one moves to ei ther  side of the ant ici pated focal position .

At the focus the  peak current  densi ty  of — 6OkAI cm 2 is over a radius of about 4 mm. Also .

notice that  whi le  the  current  densi ty at large radii is small it contains about 75% of the total ion

7
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cur rent  ( 120 k-A t ime averaged ) . Some of th is  curren t  could be b rough t  In to  focus by u s i n g  as-

pheric surfaces. However , t im e dependent  f luctuat ions  wil l  probably put  a l imi t  on the  smal les t

focal size at ta inable .

CONCLUSION:

W e have shown that the time dependent impedance of the diode can be reasonabl y inter-

preted using the  results of the  computer  simulations.  And , that  pi nch formation and other

dynamic  p rocesses tha t  take place in re la t iv is t ic  pinch-beam diodes can be studied in detail .
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Table 1

SHOT 5707  SHOT 1776
(3 I a I !
Vrn ax~ 430 KV V m ax =  700 XV
I m a x ~ 340 KA Im a x ~ 690 KA

42 mm R 65 mm
âR~ 7 m m  tlR= 4 m m
O~~ 3 m m  D~~4,4 m m
40 — 1 00 nse c 4 0 — 110  nse c
V o = 1.8 cm /,,i.~sec V o~ 4.0 cm/psec
RID 17 — 31 RID 20 — c~
Ips 50 nsec Tp~ 40 risec

A _ A :L~~~ ~
[ 

J I E ~~f 
-
,

L~~ _ _

Q 0100€ V0LTAG~ ( MV)

Fig. 1 — Diode geometry (or simulat ions Fig. 2 — Total diode current normalized by DIR
as a function of diode voltage. The parapotential
current (PR) and critica l current (CC) are also
shown for comparison.
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05 SHOT 5707

— 

3 -  

TiMe ( nse c l

Fig. 3 — Corrected diode voltage and current for shot
5707. In lower graph the e~perimenrai value of the
impedance is show n along with the gap closure used
to reduce t he data.
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T IM E ( n s e c )

Fig. 4 — Corrected diode vo ltage , current , and
impedance versus time for shot 1776.
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Fig. S — Normalized current calculated
from the computer simulations versus vol.

I - I I tage for the iwo shots. The upper graph
uses the linear gap~ closure model and the
lower graph uses t he nonlinear mode).
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TIME I T IME

0~~~~~~~~~~~~ T

O ( t ) / D o ~ 0(t ) /Do .
1 - t/T 1 - t/T + x t /T - 

~t 2 /T 2

~~.- ~Vo /Y o
Fig. 6 — The velocit y and gap as a function of

time for the two models.

C 411-lODE
0. 1 0.5 0.9 I 3 .7 2.1 2.5 ni

V0 ’ lSO kV

ITOIAL a SSOkA 
I

1iPEA I( ~l8O k~

ANODE ~

RADIA L ELECTRON FLUENCE VERSUS TIME

Fig. 7 — Time dependent pinch formation shown in 2D computer simulation
of very hollow cathodes.
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Fig. S — Total current and Ion current ~er s .~~ il me
from computer ~imuIationu3  -
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8O~-

soF

40 .

20 ~

R (cml —~~

Fig. 10 — Radial proton current density profiles from
time averaged computer simulation.
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DEP CHIEF OF STAFF FOR RSCH DEV & ACQ
DEPARTMENT OF THE ARMY
WASHINGTON , DC 20310

1 CT ATTN: DAMA-CSM-N

COMMANDER
HARRY DIAMOND LABORATORIES
2800  POWDER MILL ROAD
ADELPHI , MD 20783

(CNWDI— INNER ENVELOPE: ATTN : DELHD—RBH)
1 CT ATTN: DELHD—NP
1 CT ATTN : DELHD—RCC JOHN A. ROSADO
1 CT ATTN : DRXDO—RBH PAUL A. CALDWELL
1 CT ATTN : DRXDO—TI TECH LIB

COMMANDER
PICAT INNY ARSENAL
DOVER , NJ 07801

1 CV ATTN: SMUPA ND-N-E

COMMANDER
REDSTONE SCIENTIFIC INFORMAT ION CIR
U.S. ARMY MISSILE COMMANLI
REDSTONE ARSENAL , AL 35809

3 CV ATIN: CHIEF , DOCUMENTS

COMMANDER
U.S. ARMY MISSILE COMMAND
REDSTONE ARSENAL , AL 35809

1 CT ATIN: DRCPM—PE-EA

COMMANDER
U.S. ARMY NUCLEAR AGENCY
7 5 0 0  BAC KLICK ROAD
BUILDING 2073
SPRINGFIELD , VA 2 2 1 5 0

1 CV ATTN: ATCN-W

COMMANDER -

U.S. ARMY TEST AND EVALUATION COMO
-. ABERDEEN PROV ING GROUND , MD 21005

1 CT ATTN: DRSTE—EL

2
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CHIEF OF NAVAL OPERATIONS
NAVY DEPARTMENT
WASH INGTON , DC 2 0 3 5 0

1 CV ATTN: ROBERT A. BLAISE 601+CL4

COMMAND ER
NAVAL ELECTRONIC SYSTEMS COMMAND
NAVAL ELECTRONIC SYSTEMS CMD HQS
WASHINGTON , DC 20360

1 CV ATTN: CODE 5032

COMMANDING OFFICER
NAVAL INTELL IGENCE SUPPORT CTR
~ 301 SU ITLAND ROAD BLDG. 5
WASHINGTON , DC 20390

1 CV ATTN : NISC-k5

OFFICER—I N-CHARGE
NAVAL SURFAC E WEAPONS CENTER
WHITE OAK, SILVER SPRING , MD 20910

1 CT ATTN: CODE WR43
1 CT ATTN: CODE WA5 O1 NAVY NUC PRGMS OFF

COMMANDER
NAVAL WEAPONS CENTER
CHINA LAKE , CA 9 3 5 5 5

1 CT ATTN: CODE 533 TECH L IB

AF WEAPONS LABORATORY , AFSC
KIRTLAND AFB , NM 87117

1 CT ATIN: CA
1 CT ATTN: ELC
1 CT ATTN: NT
1 CV ATTN: SUL
1 CT ATTN: DYP

HQ USAF/RD
WASHINGTON , DC 2 0 3 3 0

1 CV ATTN : RDQSM

SAMSO /DY
POST OFFICE BOX 92960
WORLDWA Y POSTAL CENTER
LOS ANGELE S , CA 90009
(TECHNOLOGY)

1 CT An N: DYS

3
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SAMSO/ I N
POST OFFICE BOX 92960
WORLDWAY POSTAL CENTER
LOS ANGELES , CA 90009

1 CT ATTN: IND MAJ DARRYL S. MUSKIN

SAMSO/MN
NORTON AFB , CA 921+09
(MI NUTEMAN)

1 CV ATTN: MNNH

SAMSO/SK
POST OFFICE BOX 92960
WORLDWAY POSTAL CENTER
LOS ANGELES , CA 90009
(SPACE COMM SYSTEMS )

1. CY ATTN: SKF PETER H. STADLER

UNIVERSITY OF CALIFORNIA
LAWRENCE LIVERMORE LABORATORY
P.O. BOX 808
LIVERMORE , CA 9’+550

1 CV ATIN: L—18
I CY ATTN: L-153
1 CV ATTN: JOHN NUCKOLLS A DIV L—51+5 (CLAS~S L—33)
1 CV ATTN : TECH INFO DEPT L— 3

SANDIA LABORATORIES
P.O. BOX 5800
ALBUQUERQUE, NM 87115

1 CY ATTN: DOC CON FOR 3 11+ 1 SANDIA RPT COLL
1 C? ATTN: DOC CON FOR 521+0 GERALD YONAS

AVCO RESEARCH S SYSTEMS GROUP
201 LOWELL STREET
WiLMINGTON , MA 01887

1 CV ATIN: RESEARCH LIB A830 RM 7201

8DM CORPORATION THE
7915 JONES BRANCH DRIVE
MCLEAN, VA 22101

1 CV ATTN: TECHNICAL LIBRARY

BOEING COMPANY , THE
P.O. BOX 3707
SEATTLE , WA 9812 4

1 CV ATTN: AEROSPACE LIBRARY

4
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DIKEWOOD INDUSTRIES , INC.
1009 BRADBURY DRIVE , S.E.
ALBUQUERQUE , NM 87106

1 CY ATTN : L WAYNE DAVIS

EG&G , INC.
ALBUQUERQUE DIVISION
P.O. BOX 10218
ALBUQUERQUE, NM 87111+

1 CV ATTN: TECHNICAL LIBRAR Y

FORD AEROSPACE S COMMUNICATIONS CORP
3939 FABIAN WAY
PALO ALTO, CA 94303

(FORMERLY AERONUTRON IC FORD CORPORATION)
1 CT ATTN: DONALD R. MCMORROW MS G30
1 C? ATTN: LIBRAR Y

FORD AEROSPACE & COMMUNICATIONS OPERATIONS
FORD & JAMBOREE ROADS
NEWPORT BEACH , CA 9 2 6 6 3

(FORMERLY AERONUTRON IC FORD CORPORATION)
1 CT ATTN: TECH INFO SECTION

GENERAL ELECTRIC COMPANY
SPACE DIVISION
VALLEY FORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSI A
P.O. BOX 8555
PHILADELPHIA , PA 19101

1 CV ATTN: JOSEPH C. PEDEN VFSC , RM 1+230M

GENERAL ELECTRIC COMPANY
TEMPO—CENTER FOR ADVANCED STUDIES
816 STATE STREET , (P.O. DRAWER QQ)
SANTA BARBARA , CA 93102

1 CT ATTN: DASIAC

INSTITUTE FOR DEFENSE ANALYSES
‘+00 ARMY-NAVY DRIVE
ARLINGTON , VA 22202

1 CV ATTN: IDA LIBRARIAN RUTH S. SMITt-i

ION PHYSICS CORPORATION
SOUTH BEFORD STREET
BURLINGTON , MA 01803

1 CY ATTN: H. MILDE
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IRT CORPORATION
P .O .  BOX 81087
SAN DIEGO , CA 92138

1 CT ATTN: R. L. MERTZ

JAYCOR
11+01 CAMINO DEL MAR
DEL MAR, CA 92011+

1 CV ATTN: ERIC P. WENAAS

~JAYCOR
205 S. WHITING STREET, SUITE 500
ALEXANDRIA , VA 22304

1 CV ATTN: ROBERT SULLIVAN

KAMAN SCIENCES CORPORATION
P.O. BOX 71+63
COLORADO SPRINGS , CO 80933

1 C? ATTN: ALBERT P. BRIDGES
1 CV ATTN: JOHN R. HOFFMAN
1 CV ATTN: DONALD H. BRYCE
1 CY ATTN : WALTER E. WARE

LOCKHEED MISSILES AND SPACE CO INC
3251 HANOVER STREET
PALO ALTO , CA 9430 4

1 C? ATTN: LLOYD F. CHASE

MAXWELL LABORATORIES , INC.
9244 BALBOA AVENUE
SAN DIEGO , CA 92123

1 CY A1 TN: A. RICHARD MILLER
1 CV ATTN: PETER KORN
1 CV ATTN: ..ALM 1 C. K0t3 ~~~~~~~~~ ~~~ L*j~

MCDONNELL DOUGLAS CORPORATION
5301  BOLSA AVENUE
HUNTINGTON BEACH, CA 926 4 7

1 CV ATTN: STANLEY - SCHNEIDER

MISSION RESEARCH CORPORAT ION
735 STATE STREET
SANTA BARBARA , CA 93101

1 CV ATTN: WILLIAM C. HART
1 CT ATTN: CONRAD L. LONGMIRE

6
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MISSION RESEARCH CORPORATION—SAN DIEGO
P . O .  BOX 1209
LA JOLLA , CA 92 038

(VICTOR A.  U. VAN LINT)
1 C? ATTN: V. A. U. VAN LINT

NORTHROP CORPORATION
NORTHROP RESEARCH AND TECHNOLOGY CTR
31+01 WEST BROADWAY
HAWTHORNE, CA 90250

(DESIRES ONLY 1 COPY OF CNWD I MAT)
1 CV ATTN: LIBRARY

NORTHROP CORPORAT ION
ELECTRONIC D I V I S I O N
2301 WEST 120TH STREET
HAWTHORNE , CA 90250

1 CV ATTN: VINCENT R. DEMART I NO

PHYSICS INTERNATIONAL COMPANY
2700 MERCED STREET
SAN LEANDRO , CA 9 4 5 7 7

1 CV ATTN: DOC CON FOR BERNARD H. BERNSTEIN
1 CY ATTN: DOC ‘DUN FOR CHARLES H. STALLINGS
1 CV ATTN: DOC CON FOR PHILIP W. SPENCE
1 CT ATTN: DOC CON FOR fA~ D- --

~ -M-I-TH ~~~~~~~~
1 CT ATTN : DOC CON FOR SIDNEY D. PUTNAM

PULSAR ASSOCIATES , INC.
11491 SORRENTO VALLEY BLVD
SAN DIEGO , CA 92121

1 CY ATTN: CARLETON H. JONES JR.

R & D ASSOCIATES
P.O. BOX 9695
MARINA DEL RET , CA 90-291

1 CV ATTN: C. MACDONALD
1 CY ATTN: WILLIAM R. GRAHAM JR.
1 CV ATTN: LEONARD SCHLESSINGER

SCIENCE APPLICATIONS , INC.
P.O. BOX 2351
LA JOLLA , CA 9 2 0 3 8

1 CV ATTN: U. ROBERT BEYSTER

SPIRE CORPORATION
P.O. BOX D
BEDFORD , MA 01730

1 CV ATTN: ROGER G. LITTLE
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SRI INTERNATIONAL
333 RAVENSWOOD AVENUE
MENLO PARK , CA 94 025

1 CV ATTN: SETSUO DDA IR IK I

SYSTEMS , SCIENCE AND SOFTWARE , INC.
P .O .  BOX 4803
HAYWARD , CA 9451+0

1 CV ATTN: DAVID A. MESKAN

SYSTEMS , SCIENCE AND SOFTWARE , INC.
P.O. BOX 1620
LA JOLLA, CA 92038

1 CT ATTN: ANDREW R. WILSON

TEXAS TECH UNIVERSITY
P.O. BOX 5404 NORTH COLLEGE STATION
LUBBOCK , TX 791+17

1 CT ATTN: TRAVIS L. SIMPSON

TRW DEFENSE & SPACE SYS GROUP
ONE SPAC E PARK
REDONDO BEACH , CA 90278

1 CV ATTN: TECH INFO CENTER /S—193 0

VOUGHT CORPORATION
MICHIGAN D I V I S I O N
38111 VAN DYKE ROAD
STERLING HEIGHTS , MI 1+8077

(FORMERLY LTV AEROSPACE CORPORATION)
1 CV ATTN : TECH LIB

NRL CODE 2628 — 20 CYS

NRL CODE 6700 — 1 CV

NRL CODE fi.~~~~ — 20 CYS (1 CV CLASSIF IED )
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