
_P: If!flflWM lI

_ 
r~~ w~mrj~.



RADC -TR-76-267
Final Technical Report 

_ _ _ _

INTERFACE STATES IN SCHOTTKY BARRIER DIODES

~~~ Rensselaer Polytechnic Institute

Approved for public release; dist ribution unlimited

This research was supported by the Defense Nuclear Agency
under Subtask Z99QAXTBO56, Work Unit 52 , entitled
“Radiation Effects on Solid State Microwave Device Structures ”

D O G

~~ ME Am DEVELOPMENT CENTER vu ~
AIR FORCE SYSTEMS COMMAN D
ORIFFISS AIR FORCE BASE, NEW YORK 13441



a

This report has been reviewed by the MDC Infora*ticui
Office (OX) and is releasable to the National Technical In-
forastion Service (NTIS) . At NTIS it will be releasable to
the general p~~lic, including foreign nations.

This technical r port has been reviewed and is approved.

42~4~€4Q~? ~~~~~~~~~~~~~~~~~~~~~~

OONAW A4 *A*Ncontract MOnitor

I

~~ j1lii_ —



r~

Unclassified
SECURITY CLASS IF$CA T. ON OF THIS PAGE (1I~ i., Die. EnCOtod) 

____________________________________

READ INSTRUCTIONS

_______ 
NO. 1. ~ JCIPIENT S CATALOG NUMSERP0 MSER

TR-76 -267 1~ 
GOVT ACCESSION

r~~~~~~

POR

~

DOCUMENTAT,ON PAGE BEFORE COMPLETING FORM

(ij  ~~~RAD -
PORT & P RIOD

1 28 Jun~~~ 7 31 Dee—(~~ INT ERFACE STATES IN SCHOTTKY BARRIER DIODES ____ ________

— a— iT PERFORMING ORG. REPORT IIUMSCW ’

,. AIJTWONr.) 1..~~~ONTR ACT O~ GIANt NUMUIR(.)

L J ose ~~~Borrego, Ronald J./Gutmann/S.)Ashok ~~J I F l9628_7~_ C_~~~ J”
~~~ ..‘ ~~~~~~~~~~ ING ORGANIZATION NAME AND ADORISS IS. PROGRAM ELEMENT, PROJE CT , TA SK

ARIA A ‘NORK UNIT NUMSERS

Electrical and Systems Engineering Department 627~~?~~’~~ NAoo25Renss~1aer Polytechnic Institute

~Trovr New York 121R1 ___________________________
Il. RI,5O.5~~ DA?III. CONTROLLING OFFICE NAME AND ADDRESS _______________

(~j ) I  Aug_L ~~76
HQ, Defense Nuclear Agency 

_____ ~~~~ W’UMU~~~~OF PAOiS~

___________________________ 77Washington , DC 20305 
OtlIe.) 15. SECUR It Y CLASS. (Of 1III ~ tSpoef)14. MONITO~~IMG AGENCY NAME S ADONESS(S V dIU.nnt f rail Con

Deputy for Electron ic Technology (RADC ) Unclassified
Hanscom AFB, Massachusetts 01731 ____________________________
Monitor/Walter M. Shedd/~TSD 

1.. OECLA SSIFICATIOH/DOWNGRAOING
SCHEDULE

IS. DISTRIbUTION STATEMENT (of thI. R.poaf)

Approved for public release; distribution unlimited.

17. DISTRIbUTION STATEMENT (.1 IA. ab.tr.ce .Umd In h ock 30. U dlii irons ho. R.pie4)

IS. SUPPLEMENTARY NOTES

This work sponsored by the Defense Nuclear Agency under: Subtask Code

Z99QAXTBO56 and Work Unit 52, entitled ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
IS. KEY WOROS (Caiff iIu. in ro’.ro. .td. If n....o.y .,d t*neIO’ by &i.cb no.b.r)

Schottky barrier, gallium arsenide, interface states, neutron radiation

effects, transient ionizing radiation

~~ AbSTRAC T ( C . .  in ’.,.i .ld. It ...ai. .p aid IdsnhI& by SNob

The change in the electrical characteristics of Al-GaAs Schottky
barrier diodes with neutron fluence has been determined. Al-nGaAs Schottky
barrier diodes, fabricated from epitaxial an~~bulk ii*ter~~1 w1~h carrierconcentration in the range of between 7 x 10 to 8 x 10 cm , were
exposed to fast neutron irradiation at fluenees where the change in free
carrier concentration was less than 20%. In the 1ight~r doped diodes, there
was a slight change in the forward and reverse bits I-V characteristics iftei
irradiation. The ehsngei in th. IV oh&~~~t tAe~a 4nI1 R.t~~ th.t

W i j~~~~ SIP • IS2•054 0bS * I ______ ____ ______iscv p~i~ picatsea e~ . isis ~~1.u*

~~~ “~~ W3 *oi ?sow OP I NOV Sb IS OISOS.STI Unclasel fled ‘~“O I 6 53



Unclassified
.. ... ..IJNI7Y CLASSIF IC ATION UF THIS PAGC(WA .n Die. lnIir. d)

20. Abstract (Continued)

~~ density of interface states changes during irradiation . ~~e inte~~ace~~tate
1density is approx imated by a sharp peak of between 3 x 10 to 10 cm eV

located at near the zero bias Fermi level before irradiation and after the low
irradiation the density of interface states change by a factor of 2 to 5 and
becomes less peaked. In the higher doped diodes , the reverse current change
by at least an order of magnitude while the forward I-V characteristics
remained essentially the same. The increase in reverse current is caused by
high field emission from a trap whose energy for free carrier emission is of
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breakdown ,8w’as me~~ured under transient ionizing radiation~at dose rates
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’diodes to ionizing
radiation is similar to the one observed in diffused pn junctions and it is
not affected by the neutron irradiation at the low fluence used. These
results indicate that I1’~ATT diode oscillator aftereffects observed under
transient ionizing radiation are not due to the Schottky junction.

The effect of RF circuit tuning and of bias curcuit tuning in producing
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experimentally evaluated. Half watt Si and GaAs X-band IMPATT diode oscilla-
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type waveguide cavity. The results indicate that the principal cause of the
aftereffects is a device-circuit interaction and is related to the impedance
of the RF circuit and not the bias circuit impedance. Of the several devices
tested, the GaAs Schottky IMPATTs were more prone to the aftereffects than
the diffused devices.
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1. INTRODUCTION

1. Overview

‘
~~a1lium arsenide Schottky barrier jun ctions have bec me increasingly

important in a wide variety of high performance GaAs microwave devices

such as IMPATT diodes , Schottky gate FETs and HF detectors. Although

neutron irradiation effects on silicon Schottky barrier junctions are
t-~’.

well documented~~ ’~~’~~ no detailed results have been reported for GaAs

Schottky junctions.~~~~ The purpose of this program was to explore the

effect of fast neutron irradiation on the metal semiconductor interface

and the resultant performance of’ Schottky barrier (including with transient

ionizing rad iation). Device changes at neutron fluences where the reduc-

tion in free carrier concentration is less than 20% were emphasized, as

larger reductions in free carrier concentration lead to gross changes in

junction properties that cannot be tolerated in most applications. Gold

and aluminum were selected as the metals for formi ng the Schottky junctions

since there is a large variety of results for Au-GaAs Schottky junctions

reported in the literature, which could be used for comparison purposes,

and because the Al-GaAs junction has a lower barrier height and appears

to be i~~re stable than the Au-GaAs interface .

The research program was divided into two p ts. The first part of

the program was concerned with the study of the Au-GaAs interface and

lasted 12 months. It was also used for developing an appropriate device

test structure, which eliminated surface leakage current effects, and for

developing automated I-V and C-V measurement test set-ups which permitted
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fast and accurate measurement of the electrical characteristics of the

devices tested from 77°K to 400°K. The second part of the program, which

lasted 6 months , was concerned with the changes in the Al-GaAs interface

as well as with experimental study of the influence of the HF and bias

circuits on producing anomalous aftereffects on D4PATT diode oscillators

observed previously.

1.2 Suunnary of the First Part of the Prqgram

As mentioned above, the first part of’ the pi~ogra,n was concerned with

the study of the changes tt~ t take place at Au-nGaAs interface with

neutron irradiation and the results have been reported previously. (6,7)

The following summarizes the main results for Au-nGaAs Schottky barrier

diodes.

The reverse I-V characteristics are greatly affected by neutron

irradiation at fluences where the change in free carrier concentration

was less than 10% while the forward characteristics are less sensitive

to neutron irradiation. ¶1~rp1cally the n factor at forward bias changed

from 1.01. in unirradiated devices to 1.1 after irradiation. For forward

bias and for Rm~.1 1 reverse bias the current in Au-nGaAa diodes is caused

by thermionic emission and any changes in the I-V cl~~racteristics can be

accounted for by a change in the density of interface states . The experi-

mental results before and afte r neutro n irradia tion indicate th at the

interface state density model of Levine~
8
~ has a small range of validity

when carrier concentration and temperature are varied. In particular,

the ener~ r distribution of interface states changes from a highly peaked
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dis tribution nea’~ the zero bias Fermi level (pe ak value ~~‘ 1O
14
/cm

2 
eV)

before irradiation to a more uniform distribution of lower value

(N l&3/crn2 eV) after irradiation.

The observed increase in reverse current (at voltages larger than

2 volts) after low fluence irradiation was found not to be due to con-

ventional generation-recombination as has been found in silicon Schottky

barriers.~~~ The cl*nges observed in the reverse current is larger in

diodes with higher doping than in diodes with lighter doping . Further-

more, the reverse current was found to be more voltage dependent and less

temperature dependent after irradiation than before 1rradiat~on , indica-

ting that the increase in reverse current is due to a high field effect

process. Consideration of several high field effect processes showed

that enhanced field emission from a trap is a likely source of the reverse

current .

Transient ionizing radiation measurements showed that the behavior

of reverse biased Schotttky diodes under transient ionizing radi ation

operati ng below or in the avalanche regime, is not affected by neutron

irradiation and it is similar to that reported previously for silicon

pn junction diodes. ’~~ Comparable transient ionizing radiation data on

Schottky barriers GaAs IMPATT oscillators indicated that aftereffects

observed in their devices are not exclusively a junction effect but that

device-circuit interactions are a likely cause.

1.3 Second Part of the Program

The second part of the research program had two objectives. The

first one was to determine if the effects observed in neutr cti irradiated

_ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _  

I



Au-nGaAs diodes are sensitive to tha type of metal used for forming the

Schottky barrier. Alui~inum was chosen as the metal to be used because

it gives a lower barrier height and it appears to form a more stable

interface in GaAs than gold does. The second objective was to determine

~he effect of the HF and bias circuits on the occurrence of aftereffects

under transient ionizing radiation of IMPATT diode oscillators. This

final report presents the results obtained during this final phase of the

program.

Chapter 2 contains the radiation results in Al-nGa.As diodes. The

test instrumentation, the interface state model for the Schottky barrier

and the data reduction scheme used. for interpreting the results obtained

are similar to the ones used for Au-nGaAs diodes, it is not repeated

here since it has been reported previously.~
6
~ Chapter 3 describes the

tests and results obtained in determining the effect of HF and bias

circuits on causing aftereffects during transient ionizing radiation of

commercial silicon, diffused and Schottky GaAs fl6PATT diode oscillators.

The last chapter , Chapter 1~, stmmi~i~vizes the results obtained during the

whole program.

I
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2.0 RADIATION RESULTS IN Al-nGaAs DIODES

2.1 Device Fabrication and Test Instrumentation

The device structure used was the same as the one developed for the

Au-nGaAs diodes and consists of four diodes on a 0.100” x 0.100” chip. 
(6)

Three of the diodes had a guard r ing in order to prevent surface currents

from affecting the I-V measurements. An enlarged photograph of’ the device

chip is shown in Fig. 2.1. The center dot is 15 mils in diameter which

corresponds to an area of 1.1 x lO~~ cm2 .

The fabrication procedure used was similar to the one used for the

Au-nGaAs devices with a few minor i~x difications. The starting material

was either n bulk GaAs or nn~ epitaxial ( 100) GaAs wafers with carrier

concentrations in the range of 7 x lO~~ to 8 x io16 cm 3. The fabrica-

tion sequence used was as follows: the back contact was f’ormed by

evaporating 600o A° indium on the back of’ the wafer followed by alloying

at 350°C for two minutes in a forming-gas atmosphere . The Schottky

barrier contact was formed by evaporating 1000-2000 A° of Al with the

wafer heated at 150°C. Before - the aluminum evaporation the GaAs surface
/

was carefully cleaned with }fCl, rinsed with methanol and blown dry with

filtered air. The device test structure was defined by etching the

aluminum film from the unwanted areas using photolithographic techniques.

The etch used for removing the aluminum was Transene ‘1~rpe D Aluminum

etchant which is nitric acid free and does not attack the GaAs. The

photoresist was removed with Trichioroethylene by scrubbing the water with

a. Q-tip. The next step was scribbing the wafer to separate the 0.100” x

0.100” chips. The chips were mounted on T0-5 headers with a sj lver epoxy and

~~~~
.---- --

- .
- -~~~~~~~~~~~ ~~~~~~

- _ _ _

_ 

-
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FIg. 2.1. Photograph of top surface of Schottky barrier device chip
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cured overnight at a temperature between 100 and 125°C. Gold wires were

bonded between the terminals of the T0-5 headers and the device terminals .

Using the above procedures Al-nGaAs were fabricated with forward and

reverse current characteristics comparable to or better than the ones

reported in the iiterature.~
1
~
) Table 2-1 presents a suj rrmary of the room

temperature characteristics of the three series of Al devices fabricated

during this part of the program.

The electrical characteristics of’ the devices before and after

irradiations were determined using the test facilities developed during

the first part of the program and described in detail in a previous

report. ’:6) The facilities allowed automated swept DC I-V and 1 I~ff lz C-V

characteristics to be measured between 77°K to Z~00°K with great rapidity

and high resolution in current , voltage and capacitance.

The fast neutron irradiations were carried out at the BMR reactor

at BNL. The devices were irradiated to two different neutron fluences.

A low neutron fluence of 3.6 x i0~~ n/cm2 was used in the lightly doped

devices and a high neutron fluence of 2.2 x 1015 n/cm2 was used in the

highly doped devices. With the above neutron fluences the change in free

carrier concentration was less than 20% and it vii]. be described In

detail later in the report .

Transient ionizing radiation testing was performed at the linear

* 
accelerator facility at AFCRL. The accelerator generated a 10 Y~V

electron beam of 100 nanosecond duration with dose rates between to

1010 reds/sec. The photocurrent and voltage across the diode during the

radiation pulse were recorded with the diodes in an evacuated chamber to

-I



8

..-4 4-’
a~~.,4 ~~ 0

a ,-~ 
(V)

H

~‘: O\
I ~~O~~~ C\ 0

W 4-’ H~~ • ~~ H t(\
( f )  0

H -:t > 4 N -

~~~~ ~4 4 -’ rn -I-’
• .~~~

IZO \D CU CU

‘-I
I-

.~~ 4) — I-.

I - P S
~~~C)

0 0
4-’ O Q ) 4 H H(0 C/) 4)~~~ I S 0

a ~~~~~~~ 0 0.
~-4 4~) O r-i ,—1 H
4 ) 5  .rI O~~~ 0(0 0) 4 ) 0 . 1 ~4 r-4
,-I I-.
~ 0) t— N-

-
~~~~ .4 CU-I-’

I-.

~ 0)
4-’ 0
~ 0 0 -~~E ’-~ 4 (‘1 H
0) ~~ ~~~ 0 0
0.

EU 
.-1 .4 ‘4

q.4 s

o a

H
• w(n 

~Q
CU a i  H H HU

0 ) 0  04 CU CO.,4 .,.4 . •
N- H ‘0

‘

~~
r1 ~ 4

• 4-’~~ 4
91-~~ .,l \0

• ~~~— Li”—

4)
..l

.~~ ~~~

• • .~~~_~~____ ~__ ______ _~~_ • •. • _________________________

~1



9

• prevent air ionization from affecting the measurements. The electron

beam dose rate was determined using a calibrated PIN diode radiation

detector. During the testing the radiation pulse was monitored by means

of a Farada~r cup. The results of these tests are described in Section

2 .6 o~ this report.

2.2 I-V Characteristics

The forward and reverse bias I-V characteristics for device series

1E16-l before and after the low f’luence irradiation are shown in Figs . 2 .2

and 2.3. The data shows that the forward characteristics changed slightly

with the low neutron fluence , the n factor changed from 1.02 before irra-

diation to 1.03. Figures 2.11 and 2.5 are Richardson plots of I~/1~ vs.

1/T where T is the absolute temperatures and I~ is the leakage current

obtained by extrapolating the forward bias I-V characteristics to the

V = 0 intercept . Before irradiation the barrier height 0B is 0.725 eV
* 2 o 2and the Richardson constant A has a value of 9.1 A/cm - Ic, which

corresponds very closely to the theoretical value of 8 assuming a reduced

effective mass of 0.067. After irradiation, the barrier height 0B
0.733 cv and A* is close to 10. The above results indicate that A1-nGaAs

diodes are less sensitive to low neutron irra diation than Au-GaAs .

The reverse current characteristics above room temperature did not

change after irradi ation. At lower temperatures and reverse voltages

• larger than 2 volts, the reverse current increased typically by a factor

of 2 to 3 after the low neutron f].uence • The large change observed

previouaiy in the reverse characteristics of Au-nGa.As and not observed

in the Al-r~ aAs diodes at low neutron fluence is due to the smaller

• 

I
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barrier height of the Al devices (0.72 eV as compared to 0.9 eV for the

Au devices).

Although the reverse characteristics of the device series 1E16-l did

not change appreciably at the low neutron fluence, it was found that the

higher doped devices ( series 316) showed a larger increase in the reverse

current at the same low neutron f luence . Figure 2.6 shows the reverse

characteristics of one of these devices before and after irradiation .

At room temperature there is a marked increase in the reverse current,

at least an order of magnitude, with the increase less at higher tempera-

tures. Fur thermore, the reverse current shows to be less temperature

dependent after irradiation. This excess current is believed to be due

to field emission from traps and it is analyzed in Section 2. 11.

2.3 c-V Characteristics

The 1 r4Hz fo rward and reverse bias C-V characteristics were used for

determi ning the carrier removal rate after irradiation. Figure 2.7 shows

1/C2 vs. V at small reverse voltages for device 1E16-i . The carrier

removal rate for this device was determined to be 7 cm~~. The carrier

removal rate ranged from 7 cm 1 for the lightly doped devices to 13 cm~~
for the heavier doped diodes. Figure 2.8 shows a plot of the carrier

removal rate for the several A]. devices fabricated. For comparison, we

show the carrier removal rate for two Au devices previously reported.

Since the carrier removal rate was determined for reverse bias voltages

between 0 to 1 volt, the data indicates that the carrier removal rate

close to the metal-semiconductor interfac e depe nds upon the nature of the

interface, although more data would be desirable to confirm this conclusion.
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The 1/C2 vs . V. plot for the 316 series of devices shows a deviation

from a straight line for reverse voltages larger than 0.5 to 1 volt , as

it was found in the Au devices. This deviation was attributed to a change

in the charge state of a deep level and it seems to be common to both the

Au and Al devices.

2.Ii~ E~ccess Reverse Current

As mentioned In Section 2.2, the higher doped diodes showed an

appreciable increase in the reverse current after irradiation. Figure

2.9 shows the increase in reverse current as a function of voltage after

low fluence irradiation for both Au and Al devices made from similar

starting material. This data shows that the increase in reverse current

is due to the same mechanism since the Au and A]. devices had quite

different reverse current before irra diation. As was described in a

previous report , (6) this increase in current is due to field emission from

traps at the metal-semiconductor interface Introduced by the radiation

damage. Figure 2.10 shows the excess reverse current as a function of

the electric field at the interface. The data shows that the excess

current is larger in the A]. devices than in the Au devices for the same

electric field . Since the two curves are displaced along the current

a.xis, it indicates that the number of traps which are emitting the carriers

is larger by a factor of two in the A]. devices as compared to the Au

devices. The ener~~r of the barrier for field emission for the Al devices

was found to be very close to the barrier found previously in the Au

diode s 0.3 eV at room temperature).
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Since the lowest doped diodes like the 1E16 series of devices did

not show the increase in reverse current observed in the 3.( series -~f

devices, we conclude that it is necessary to have both rieu~ron damage

and donors in order to produce traps capable of increas~n~ the reverse

current by field emission. This appears to be more critical in the Al

devices since the lower barrier height gives a larger reverse current

before irradiation.

2.5 Density of Interface States

Usi ng the I-V and C-V characteristics of the devices, we determined

the interface state density before and after irradiation using the

techniques described in a previous report.~
6
~ A computer program

developed for reducing the data to obtain the electric field at the inter-

face, the change in barrier height and the density of interface state is

given in Appendix I. Figure 2.11 shows the electric field at the inter-

face as a function of change in barrier height AØB, corrected for

image force barrier lowering, before and after irradiation for device

1E16-1. The density of interface states N
55 

as a function of AØB ~
shown in Fig. 2.12 for the same device. The curves show th~ same feature s

as the one previously found for the Au-GaAs devices. Before irradiation

the N is highly peaked at the zero bias Fermi level. After irradiation

the distribution is less peaked and of reduced value.

2.6 Transient Ionizing Radiation Results

Transient ionizing radiation photocurrent measurements ‘were taken

with the aluminum devices In an evacuated chamber , with results in
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substantial agreement with the earlier gold diode data. For simplicity,

only the low 11.7 ohm impedance bias circuit was used. The results at a

dose rate of 8 x 1O9 rads/sec. for aluminum and gold Schottky for the

316 series are snm,nR.rized below.

Prior Neutron Irradiation (n/cm2 ) None 2.2 x 1015 None 2.2 x 1015

Bias Conditions (117 ohm impedance )

VB/3 . 3 V  . 3 V  .3 V  . 3 V

VB (0.1 mA) .11 V .115 V .11 V .1i. V

100 mA 10 mA 20 mA 20 mA 20 mA

In all test conditions the voltage and current decreased to preirradIatio n

conditions within 20 nanoseconds after rez&va1 of the radiation pulse.

Other aluminum behaved similarly , in substantial agreement with the

comparable gold Schottky diodes, and with little change after neutron

irradiation.

It is concluded that neutron irradiations had little effect on the

transient ionizing radiation , the aftereffects are definitely not a result

of the Schott icy junctions itself (no anoma lous aftereffects found at high

reverse current and dose rate), and gold and aluminum GaAs Schottky diodes

behave similarly.
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30 IMPATT DIODE AFTEREFFECTS

Although many of the effects of transient ionizing radiation on

IMPATT oscillators are wefl documented , (11) anomalous aftereffects have

been occasionally reported~~’~~~ that are not well understood. If these

solid state microwave sources are to be used in reliable radiation

hardened systems, the aftereffects must be controlled . The term “after-

effects” is used whenever the oscillator does not regain preirrad.iation

characteristics following the ionizing radiation pulse, even though

irreversible device changes need not occur . Unlike previous investiga-

tion~, we have been able to control the occurrence of these aftereffects

by RF circuit tuning and by bias circuit tuning during this program.

Although necessary and sufficient conditions for the aftereffects are

still not known, these measurements of the relationship between IMPATT

diode, RF cavity and bias circuit indicate that transient ionizing radia-

tion can be detrimental to some INPATT oscillators at dose rates above

2 x ~~~ rads/sec. These experimental results are a key contribution to

the understanding of aftereffects in IMPATT diodes as well as the even-

tua]. control of the phe nomenon .

3.1 Devices Tested and Test Set-~p

In this work 500 milliwatt silicon and gallium arsenide X-band IMPATT

diodes were evaluated, with typical diode characteristics given in the

table below:
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Diode No. Diode ~rpe 
V~~ (volts) C

b (pfd) 1~~~ (mA )

301B Si-double epi 78 0.76 93
22A11. GaAs-diffused 611 1.26 100

1B1O GaAs-Schottky 11.9 0.83 105

One or two devices of each type was tested as described below, although

previous experience with these devices(1~~ indicates that the devices are

representative of those commercially available.

The RF test set-up is similar to that described in detail

previousiy.~
6
’~~~ The disc-and-post type waveguide cavity was tuned by

changing the length of a sliding short “behind” the diode (additional

tuning by changing disc diameter was also used but kept fixed during the

testing reported). The bias circuit impedance was adjusted by inserting

lengths of coaxial cable between the diode and the bias box (consisting

of passive circuit components used to provide the proper DC resistance

and to allow diode voltage monitoring during the irradiation pulse).

Wi th this variable length of cable , the bias circuit impedance at the

diode terminals was adjustable in the frequency range of 10 to 100 MHz ,
(13)where bias circuit oscillations usually occur . In all these experi-

ments, the circuit parameters were carefully adjusted until the EF and

frequency of oscillation varied smoothly with bias current while main-

tam ing a clean EF spectrum, that Is , the IMPATT oscillators were well-

behaved prior to irradiation.

3.2 Influence of Bias Circuit

In a recent scientific report , (6) the possible effect of bias circuit
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impedance on aftereffects was described conceptually. The approach

followed that of Brackett~~~~ and indicated the observed sensiti vity ‘i’

GaAs IMPATT diodes to aftereffects . In these experiments we controlled

the bias circuit impdance by varying the length of cable between the

325 ohm bias network and the 6o pF bypass capacitor at the diode. The

bias circuit impedance as a function of frequency is shown in Fig. 3.1

along with the impedance locus of a typical GaAs IMPATT. The length of

cable in the bias circuit obviously causes the GaAs IMPATT to be suscep-

tible to bias circuit oscillations. The test results , shown in detail in

Section 3.3, demonstrate that the bias circuit is NOT a principal cause

of the aftereffects. However , improper bias circuit impedances , as

described recent1y,~
6
~ combined wi th conditions permitting aftereffects

can lead to device failure.

3.3 Influence of RF Circui t

The disc-and-post type waveguide cavity has been used throughout

these programs because of the ease of IMPATT diode tuning. The mechanical

tuning is accomplished principally by varying the disc diameter and the

length of the slidi ng short “behind ” diode-loaded disc • The tuni ng

allows a conjugate match between the diode and circuit Impedances to be

achieved, a necessary condition for stable oscillations. In addition,

the Q. of the circuit at the fundamental frequency and the circuit impe-

dance at harmonic frequencies are changed as the tuning adjustments are

varied. In this section, we report on measurements taken with only the

sliding short position varied ( b3r about a half gi~ide wavelength at the

frequency of oscillation), i.e., , the disc diameter is unchanged.

I
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The gallium arsenide Schott 1~j diode (lBlo) was tuned with the sliding

short close to the diode with the oscillator being well-behaved as

descrP ed in Section 3.1 (short position .750 cm). Aftereffects did not

occur at the highest dose rate used, 7 x lO9 rads/sec. as shown in

Fir. 3.2. The RF power reduces to near zero during the radiation pulse

due to the effective leakage current generated by the ionizing radiation

and cavity ionization. All microwave testing was done with air-filled

cavities, the difference between evacuated and air-filled cavities being

previously reported.~~~~ Although there is a small time delay required

before the RF amplitude builds up to the steady state value after the

radiation pulse, the RF power clearly returns to its preirradiation

value (as does the RF frequency, bias voltage and other electrical

characteristics). This lack of aftereffects was observed for all cable

lengths inserted in the bias circuit at this sliding short position,

indicating that the bias impedance could not induce the aftereffects.

After extending the sliding short by one-half guide waveguide,

almost Identical prelrradiation RF tuning was observed . However, after

the Irradiation pulse the RF power reduced from 280 mW to 120 mW while

the frequency increased from 9.51~ to 9.95 GHz and the bias voltage

increased by 0.7 volt. The EF power change is shown in Fig. 3.3A and

the bias voltage change in Fig. 3.~ A. The slight increase in bias

voltage after the radiation pulse (compar ed to the preirr adiation value )

Is consistent with the lower amplitude of RF oscillation. With a 5 foot

coaxial cable Inserted between the diode and the bias box , 25 MHz bias

circuit oscillations were observed in addition to the power and frequency

I S
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change . The bias oscillations are apparent in the RIF power photograph

shown in Fig. 3.3B, as well as in the diode voltage photographs in

Fig. 3.IlB. in addition, the classic bias oscillation spectrum was

observed after radiation using a spectrum analyzer. The spectrum was

“clean” otherwise and was not noisy with, or without , the bias circuit

oscillations.

In all cased where aftereffects were observed, the original RF

characteristics could again be obtai ned by lowering the bias current.

In particular, there were no diode failures as sometimes reported.

It should be emphasized that (1) the RF power and frequency tuned smoothly

with bias cuxrent while maintaining a clean spectrum prior to irradia-

tion at all test conditions used and (2) these irradiation aftereffects

could then be reproduced without difficulty. The aftereffects were

obtained reproducibly with preirradiation RF powers greater than 200 mW

and dose rates greater than 2 x ~~~ rads/sec.

Similar RIP and bias circuit tuni ng and irradlationtesting was done

with the GaAs diffused diode (22Al~) and the Si diffused diode ( 30Th).

Although less dramatic and potentially less harmful, af tereffects (RIP

power reduction and frequency change ) could be observed if (1) the diode

bias current was set only slightly below the value for power saturation

and/or spectrum deterioration and (2) high dose rates (“8 x ~~~ rad s/se~ )

were imposed. The GaAs diffused diode was more prone to aftereffects

than the Si diffused di ode , although the aftereffect susceptibility was

munh greater in the GaAs Schottky IMPATT than either of the diffused

diodes. The depe ndenc e of the aftereffects upon sliding short position
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was observed, but bias circuit oscillations were not observed for these

diodes. In fact, the extra cable length had little effect on these after-

effects.

At the power levels near power saturation and at high dose rates,

aftereffects in these two dif~’used diodes were sensitive to bias current

level and tuning . As shown in Figures 3.5 and 3.6 for the GaAs

diffused and Si diffused diodes, aftereffects were not observed with the

extra cable length for the particular test conditions shown. This data

should not be interpreted as implying that the cable tends to quench the

af tereffects (additional data not shown confirms these conclusions), but

only that (1) the occurrence of aftereffects was sensitive to circuit

parameters near power saturation and at high dose rate and (2) the bias

circuit impedance locus in the 10-100 MHz frequency range is not a

principal cause of the aftereffects.

In addition , the data with the Si and GaAs diffused diodes confirms

the IMPATT diodes are prone to the aftereffects with the sliding short

far from the diode in the disc-and-post type RIP circuit. Less extensive

testing performed at sliding short positions near the diode wi th diodes

22AL~ and 3OlB did not yield aftereffects under similar drive levels and

dose rates.

3. li Phenomenological Explanation of Result s

We have demonstrated experimentally that (1) bias circuit instability

is not a pri ncipal cause of the afte reffects and (2) aftereffects depend

upon “second order ” effects of the BF cavity (i.e.,  on sliding short

position of the wa.veguide disc-and-p ost cavi ty either though similar
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•1

preir radiation oscillator characteristics are observed). Three

reasonable explanations can be put forth which have been observed

previously in IMPATT oscillators.

1. parametric stabilities as described by I~ines~~~~ and Schroeder. 
(15)

(16)
2. frequency jumping as described originally by Slater and

recently by Kurokawa.~~~~ -

3. harmonic effects as described by Mouthaan (18) 
and Brackett.~~~~

In this section we present a brief description of each effect and discuss

the feasibility of each phenomenon being a principal cause of the after-

effects with transient ionizing radiation.

Parametric instabilities are generally ascribed to the nonlinear

inductive reactance effect in the avalanche process. Besides the main

oscillator output (considered as a pump in theoretical treatments ),

a low level auxiliary signal or noise is required. Due to the nonlinear

inductance, the usual parametric effects (normally desired with the

nonlinear capacitance of a varactor such as mixing, up conversion, etc.)

occur. Since the waveguide diso.and-poat type wavegu.tde cavity is still

not well characterized the stability requirements developed by Schroeder~~~~
cannot be applied directly . However , para metric instabilities are usually

accompanied by auxiliary spectra]. responses and/or noisy spectrum. Since

the RIP spectrum observed after the irradiation induced aftereffects was

clean , i.e., the main spectrum line was narrow and there were no auxiliary

resp onses (except for the classic bias oscillation spectrum with the GaAs

8cbott~~ and the 5 foot cable in the bias circuit) across the band

4



p.-

38

(8.2_ i2 .L~. GHz), we conclude that parametric instabilities are an improb-

able cause of the aftereffects.

Frequency jumping is usually a result of the diode impedance and the

microwave circuit locus intersecting in more than one stable operating

point. As a result, the actual operating point depends upon the history

of the osciiiator.~
16
~
17) In the case of interest, the circuit impedance

locus is expected to be a stronger function of frequency as the sliding

short is positioned further from the diode (higher Q. circuit). The device

impedance is known to be dependent upon level of oscillation and leakage

current as required. Whe n the oscillator is normally tuned , the bias

current is slowly increased, and as required in the tuni ng procedure , no

frequency or power j umps occur . However , after the irradiation pulse the

leakage current is rapidly decreased (10) and the circuit Q is rapidly

increased (ai r ionization decay ) so that the BF amplitude builds up

differently than in the preirradiation tuning and a different level of

operation is possible . Network analyzer measurements of the waveguide

cavity from the diode terminals indicate a classic looping circuit

impedance confirmi ng the plausibility of this explanation.

The effect of higher harmonics , in particular the second harmonic ,

has been considered by wuttiaan~~
8
~ and Brackett (19) among others. Harmonic

content is expected to increase with dri ve level and one can easily show

that the phasing of any harmonic of significant amplitude, particularly
(18)the second , can effect the power output . The conditions developed in

the literature are difficult to invoke without a detailed equi valent

circuit at the fundamental and harmonic frequencies. Network analyzer
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measurements up to 18 GHz (near the second harmonic frequency) indicate

a difference between the two sliding short positions. However, accura t e

characterization is difficult and has not been accomplished .

In summary, either (1) freque ncy jumping due to multiple stable

operating points or (2) higher harmonic phasing changes is expected to

be a principal cause of the aftereffects. Additional testing, with

different diodes and cavities , is needed to completely characterize the

mechani sm.

3.5 Conclusions

From these experiment s and our earlier work~~’6~ we have concluded

the following:

1. The principal cause of the aftereffects is a device-circuit inter-

action and is related to the HF circuit impedance locus at the

fundamental fre quency~~
6
~ and/or the harmonic loading impedance

at the diode. (18)

2. The principal cause of the aftereffects is NOT the bias circuit

impedance causing bias circuit osci~~ations ,’~~~ although it is

believed that improper bias circuit impedance combined with after-

effects can cause diode failure with pulses of ionizing radiation. (6)

3. The GaAs Schottky diode is more prone to the aftereffects , with the

occurrence at power levels above 200 mW and dose rates above

2 x ~~~ rads /sec. in the diode tested . The aftereffects in the Si

and GaAs diffused diodes only occurred wi th the diode operated

slightly below power saturation and/or spectrum deterioration and

at the higher dose rates (.v8 x iø9 r eds/sec.).
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Although these conclusions , obtained from experimentally controlling

the aftereffects for the first time , enhance our understanding appreciably ,

more work is needed to fully understand and control this phenomenon. In

particular , we are uncertain why the GaAs Schottky diode is more prone

to the aftereffects, as the Scbottky junction itself behaves similar to

a diffused j unc tion under transient ionizing r diation.~
6
~ (See also

Section 2.6). The demonstrated effect of HF tuning in disc-and-post

type cavities should be evaluated In other types of waveguide , coaxial

and microstrip cavities. The aftereffects must be measured and evaluated

in hi-b and b -hi-b high efficiency GaAs diodes (as well as flat profi le

GaAs flvtPATT s as used in this work) before they are incorporated in high

performance radiation hardened applications .
4-
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14.0 SiJ?V~4ARY AND C ONCLUSIONS OF OVERALL PROGRAM

In this last chapter we summarize the main resu lts obtai ned during

the research program.

14.1 Neutron Radiation Results

Au-nGa.As and A1-nGaAs Schottky barrier diodes, fabricated from epi-

taxia.]. and bulk material with carrier concentrations in the range of

7 x 1O~~ to 8 x io16 cm’3, were exposed to fast neutron fluences of

3.6 x 10114 and 2. 2 x 1015 n/cm2 . At neutron fluences where the reduc-

tion in free carrier concentration is less than 20%, the following results

were obtained: (20)

1. The forward characteristics are slightly changed at the low neutron

fluences. ~ rpicaUy the n factor changed fr om 1.01 before irradia-

tion to 1.05 after irradiation. The A]. Schottky diodes exhibited

a smaller increase in the n factor.

2. The current flow in the forward direction is due to thermionic

emission with the metal-semiconductor barrier height remaining

unchanged after irradiation.

3. The changes observed in the I-V characteristics at forward and 5InA l]

reverse bias (less than 2 volts ) indicate that the density of inter-

face states changes with irradiation. The density of interfac e

states is reasonably approximated by a sharp peak of between

3 x io13 to 10114 cm”2 eV~~’ located at near the zero bias Fermi level

before irradiation and after the low irradiation the density of

interface states changes by a factor of 2 to 5 and becomes less peaked.
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14. The reverse characteristics are greatly affected at the bow neutron

fluences. The increase in reverse current was more than an order of

magnitude for the Au diodes at room temperature. The increase in

reverse current in Al diodes was less than in the Au devices due to

the higher Initial reverse current because of the lower barrier

height.

5. The excess reverse current is not due to generation-recombination

with a constant lifetime . The reverse current after irradiation is

strongly dependent upon voltage and relatively temperature indepen-

dent . This characteristic indicates that thermionic emission is not

the principal source of the observed increase in the reverse current

and that it is due to a high field effect process. Considerations

of the several possible field emissions processes showed that field

emission from a trap has the appro pr iate field dependence exhibited

by the data obtained and that the trap ener~ r for field emission

is of the order of 0.3 eV.

6. The increase in reverse current is higher in the highest doped

diodes which I ndicates that the tr ap centers which cause the increase

in reverse current by field emission are produced by a combination

of the neutron damage and the doping in the material . In the highest

doped diodes, the excess reverse current had a]~~ st the same value

in the Au diodes as in the A]. diodes indicating that it is indepen-

dent of the metal used for formi ng the Schottk y barrier .
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14.2 Transient Ionizing Radiation Behavior

Transient ionizing radiation photocurrent measurements were taken

wi th the gold and aluminum Schottky diodes before a~d after neutron irra-

diation in an evacuated chamber. The results support the following

conclusions :

1. IMPATT diode oscillator aftereffects are definitely not a result of

the Schottky junc tion per se as there were no anomalous aftereffects

at the highest bias currents (200 mA) and dose rates (8 x

rads/sec ) used .

2. The gold and aluminum diodes have similar photoresponse indicating

that the response is not critically dependent on the details of the

rectifying junction. Further, the photore sponse results are in

substantial agreement with results in the literature for diffused

diodes.

3. Neutron Irradiation does not effect the photoresponse of the Schottky

diodes at low neutron fluences where the depletion layer remains

unchanged. This is further confirmation that the photoresponse is

unrelated to the details of the interface and is controlled by

photogeneration of carriers in and near the depletion region.

Thus , Schottk y junction devices should perform adequately in

transient ionizing radiation environments UNLESS THERE ARE SYNERGISTIC

EFFECTS IN THE PARTICULAR APPLICATION.
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14.3 IMPATT Diode Aftereffects

In this work we have been able to control the occurrence of these

aftereffects by RI’ circui t tuning and have also been able to control the

occurrence of bias circuit oscillations by bias circui t tuning. This is

~ i~ e firb~ time that results have been reported with aftereffects having

been experimentally controUed.(23~ Although necessary and sufficient

conditions for the aftereffects are still not known, the demonstrated

relationships between IMPATT diode , RF cavity and bias circuit indicate

that transient ionizing radiation can be detrimental to some IMPATT

oscillators at dose rates above 2 x l0~ rads/sec .

In particular , the following conclusions have been reached:

1. The principal cause of the aftereffects is a device-circuit inter-

action and is related to the RF circuit impedance locus at the

fundamental frequency and/or the harmonic loading impedance at the

diode.

2. The principal cause of the aftereffects is NOT the bias circuit

impedance causing bias circuit oscillations, although it is believed

that improper bias circuit impedance combined with aftereffects can

cause diode failure with the ionizing radiation pulse.

3. The GaAs Scbottky diode is more prone to the aftereffects with the

occurrence at power levels above 200 mW and dose rates above

2 x 1& reds/s.c in the diode tested . The aftereffects in the Si . -

aM GaAs diffused diodes only occurred with the diode operated

slightly below pow.r saturation and/or spectrum deterioration and

at the higher dose rates ( 8 x ~~~ reds/eec).

/
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14.~ The principal cause of the GaAs Schottky susceptibili ty to after-

effec ts is NOT caused only by the Schottky junction , as photo-

response evaluations indicate similar results under transient

ionizing radiation as diffused junctions.

•

2I

_____ . 
, - - -
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APPENDIX
SR-52 Calculator Program to Determine Surface State Density

Definitions of Symbols
2A Area of diode (cm )

a 1/j i - exp(-ll.605 Vj ,j _ 1/T)j

Small-signal capacitance of’ diode at voltage (pF)

C Small-signal capacitance of diode at voltage V 
~ 

(pF)

~~ak junc tion electri c fi eld at voltage V~ (V/cth)

I~ ak junction electri c field at voltage V (V/cm)

N’ l/{ a - - J 41~..) for FWD bias 
,j- l

i/{~~~
_ 

~I~~13 for REV bias

n Ideality factor
T Temperature (0K)

V~ Applied voltage of diode (my)

~~~~ (v~ + v~..1)/2 (my)

V~~1,V Successive diode voltages for decade (FW4) biaz ) or 1/6 decade
~ (REv bias ) change in current (my)

(v~-v~~1) (my )

Image-force barrier height reduction constant

~ 4’
~~~d 

)l/2 1149 x lO~~ 
~~~~~~~~~ for GaAs

Optical dielectric constant for GaAs = 9.65 x io_13 
F/cm

Change in barrier hieght (mev)

Zero-bias electric field (V/cm)

1AE~ J?j _ J~
’Z ( V/cm) 1~’2

Surface stat e density (ev~~ cm~2)
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User Instr uct ions ‘~?c1
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TRW SYSTFT’IS GROI.JP IRT CORPORATI0~
ATTN AARON H NAREVSKY }U-2114~4 ATTN RALPH H STA~iL

ONE SPACE PARK P .O . BOX 81087
REDONDO BEACH , CA 90278 SAN DIEr 1O, CA 92138

LA BEL 000000000AJO3LB 0007623701762 IRT CORPORATION
ATTN JAMES A I:ABER
P .O. BOX 81087
SAN DIBOO, CA 92138

JOHNS HOPKThS IJIIIVERSITY
LABEL 000000000AJO3LB 0007623701762 ATTN PETER E PARI’RTDGE

APPLIED Ph YSICS LABORATORY
JOHNS HOPICLNS ROAD
LAUREL Ml) 20810

DIRECTOR KAMAN SCIENCE CORPORATION
DEFENSE ADVANCED RSCH PROD AGENCY ATTN DONALD H BRYCE
ATTN STU LTC ROBERT P SULLIVAN P0. BOX 71463
ARCHITECT BUILDING COLORAGO SPRINGS , CO 80933
ARLINGTON , VA. 22209

UNITED TECHOLOGIES CORPORATION
DEFENSE COM!4JNICATION ENGINEER CENTER ATTN RAYMOND G GIGtJE RE
ATTN CODE R320 C W BERGMAN HAMILTON STANDARD DIVISION
1860 WIEHLE AVENUE BRADLEY I~ TERNATIONA L AIRPORT
RESTON , VA 22090 WINDOSR LUCAS , CT 06069

WESTINGHGWSE ELECTRIC CORPORATION CHARLES STARK DRAPER LABORATORY INC
ATTN HENRY P KALAPACA K S 3525 ATTN RICHARD G HALTMAIER
DEFENSE AND ELECTPONIC SYSTF24S CTR 68 ALBAN Y STRE~~
P. O. BOX 1.693 CAMBR IDGE , MA 02139
FRIENDSHIP INTERNATIONAL AIRPORT
BAIrIMORE , MD 21203

CHARLES STARK DRAPER LABORATORY INC
ATTN 1~~NNET H FERTIG

WESTINGHOUSE ELECTRIC CORPORATION 68 ALBANY STREET
ATTN WILLIAM E N~~ ELL CAMBRIDG E , MA 02139

1~~EARCH AND DEVELOPMENT CENTER
131.0 BEIJLA H ROAD, CHURCHILL BOROUGH
PITTSBURG H, PA 15235 CHARLES STARK DRAPER LABORATORY INC

ATTN PAUL B KELLY
68 ALBANY STREST

1ST CORPORATION CAMBRIDGE , MA 02139
ATTN B L MERTZ
p.o. Box 81087
SAN DI~~IO, CA 92138 CINCINNATI ELECTRONCIS CORPORATION

ATTN C B STU~1P
2630 GLEfl~ALE - MILFORI) R~~.D

lET CORPORATION CINCINNATI , OH 1452141
• ATTN LEO I) CCII’TER

P.O. BOX 81087
SAN DIFX O, CA 92138 CINCINNA TI ELECTRONICS CORPORATION

ATTN LOIS HA:•C~ONfl
26 30 GLE~DALE - MILFORD ROAD
CINCINNAT T , OH 14521s1
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COMl tJTER SCIENCES CORPORATION SANDIA LA BORATORIES
~~TN RICHARD H DICKHAUT ATTN DCC CON FOR ORU 2110 A HOOD
201 LA VRTA DRIVE N . E .  P .O. BOX 5800

• ALBUQUERQUE , NM 87108 ALBUQUER. IUE, NM 8711

CUT LER-HAMMER , INC .  SANDIA LA BORATOR I ES
ATTN CENTRAL TECH FT LES ANNE ANTHONY ATTN DCC CON FOR OBU )33 FC COPPAGE
AlL DIVISION P.O. BOX ~3oo
COMAC ROA D ALBUQUERQU E , NM 87115
DEER PARK , NY 11729

SANDIA LA BORATORIES
DIKEOOD CORPORATION , THE ATTN DCC CON FOR JACK V WALKER 5220
ATTN L WAYLE DAVIS P .O. BOX 5800
1009 BRADSJRY DRIVE , S. E. A LBUQUERQUE , NM 87115
UN I VERSITY RESEARC H PARK
ALBUQUERQUE, NM 87106

SANDIA LA BORATORIES
ATTN DIV 5231 JAMES H RENKEN

E-SYSTEMS INC . P .O. BOX 5800
ATTN LIBRARY 8-50100 ALBUQUERQUE , NM 87115
GREENVILLE DIVISION
P.O. BOX 1056
GREENVILLE , TX 751401 SANDIA LABORATORIES

ATTN DCC CON FOR 31141. SANDIA RPT COL
P.O. BOX 5800

EFFECTS TEC I~iOLOGY , INC. ALBUQUERQUE, MM 81115
ATTN ELMARD JOHN STEELE
5383 MOLLISTEE A VENu E
SANTA BA R BARA , CA 93105 U S ENERG Y RSCR AND 1)EV ADMI t ;

ATTN DOCUMENT CONTROL FOR WSSR
A LBUQUERQUE OPERATIOh- :S OFFICE

ELECTRONICS TECHNOL0~Y LABORATORY P .O. BOX 5400
ATTN B CUBBY (uNcL ONLY ) ALBUQ1JER~UE , NM 67115
ENGINEERING EXPERIMENT STATION
GEORGIA INSITUTE OF TEC HNOLOGY
ATLANTA, GA 30332 CENTRA L INTELLIGENCE AGENCY

ATTN ALICE A PADGRTT
ATTN : RD/Si RM 50148 HQ BLDG

EXP AND MATH PHYSICS CONSULTANTS WA SIflNGTON , DC 20505
ATTN THOMA S M JORDAN
P.O. BOX 66331
LOS ANGELES , CA 90066 UN IVERSITY OF CALIFORNIA

lAWRENCE LIVERMORE LABORATORY
ATTN DONAlD J MEEKER L-5145 (CLASS L -153)

FAIRCHILD CAMERA AND INSTRUMENT CORP P .O. BOX 808
ATTN SEC DEPT FOR 2-233 DAVID K MYERS LIVERMORE CA 914550
4614 ELLIS STREST
MOUNTAIN VW.4, CA 9140140

UNIVERSITY OF CA LI FORflIA
• Lfi.I4~ENCE LIVERMORE IA BORATORi

FAIRCHI LD INIXJSTRIES , INC . ATTN .HAI4bKRUGER L-9( (clAsS L-94 )
ATTN *IR COUFIG DATA AND STANDARDS P.O. BOX 808
SHERMA N FAIRCHILD TEC}CbOLOGY CENTER LIVER!.IORE CA 914550
20301 CENTURY BOULEVARD
GER!4ANTONN, MO 20767

1
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UH I VERSLTY OF CALIFORNiA SAl4so/Rs
I~4WREHCE LI VERMOBE LABORATORY ATTN RSSE LTC KENNET H L GI LBERT
ATTN FRNDERICK B KOVA R r.-31 (CLASS L -91) POST OFFICE BOX 92960
P .O. BOX 808 W0RLL ’.~AY POSTAL CENTER
r;r VERMOR E CA 914550 1~~ ANGELES , CA 90009

(RE ENTRY SYSTENS )

LOS A LAMOS SCTENTI FIC LABORATORY
ATTN DCC CON FOR MARV IN M HOFFMAN SAMSO/RS
P. O. BOX 1663 ATTN RSE
LOS A LANOS , NM 875145 POST OFFICE BOX 92960

WORLThIAY POSTAL CENTER
LOS ANGELES , CA 90009

LOS ALAMOS SCIENTIFIC LABORATORY (REENTRY SYSTEiIS)
ATTN DCC CON FOR J ARTHUR FREED
P .O. BOX 1663
LOS A LAMOS , r~’~ 8~~14~ 

SAMSO/Sz
ATTN SZJ CAPT JOHN H SALCH
POST OFFICE BOX 92960

LOS ALAMOJ SCIENT IFIC LABORATORY WORLIWA Y POSTAL CENTER
ATTN DCC COC FOR BRUCE V NOEL LOS ANGELES, CA 90009
P .O. BOX 166 3 (SPACE DEFENSE SYSTEMS )
LOS ALAMOS , ~M 875145

SAMSO/YD
SANDIA LA13OR~TORIES ATTN YDD MAJ MARION F SCHNEIDER
ATTN DCC COH FClr T}IEORORE A DELLI N POST OFFICE BOX 92960
LIVERMORE LABORATOR Y WORLDWAY POSTAL CENTER
P .O. BOX 969 LOS ANGELES , CA 90009
LIVERMORE , CA 914550 (DEF MRTEOPOLCGICAL SAT sYs )

SAMSO/DY COMMANDER IN C}IEI F
ATTN DYS MM LARRY A DARDA STRATEGIC AIR COMMAND
POST OFFICE BOX 92960 ATTN NPI-STINFO LIBRARY
WORLD. AY POSTA L CENTER OFFUTT AFB , NB 68113
LOS ANGELES, CA 90009
(TECHNOLOGY)

COMMANDER IN CHIEF
STRATEGIC AIR CO~~AND

SAMSO/DY ATTN PFS MAJ BRIAN 0 STEPRAN
ATTN DYS CAPT WAYN E SCHOBEB OFF~JTT AFB , NB 68113
POST OFFICE BOX 92960
W0RL 1~’AY POSTA L CENT ER
LOS ANGELES CA 90009 UNIVERSITY OF CALIFORNIA
(TEcHNoi~xiY 5 LAWRENCE LIVERMOR E LABORATORY

ATTN JOSEPH F KELLER JR L-125
P.O. BOX 805

8A1450/Th LIVERMORE CA 914550
ATTN IND I . JUDY
POST OFFICr 3OX 92960
WORLIYJAY POSTAL CEN TER UNIVERSITY OF CALIFORNIA
LOS ANGELES . CA 90009 LAWREN Ch~ LIVENM ORE LA BORATORY
(II~T?~LLIGE~:CE) ATTN LAW RENCE CLFIAN D L 156

P .O. BOX 808
SAMSO/MN LIVERMORE CA 914550
ATTN NIh~JL~ CAOT DAVID j  STROBEL
NO~~ON AFi3 . CA 921409
(MINUT EMAN ) UNIVERSITY OF CALl FOR1~IA

LAWRENC E LIVERYORE LABORATORY
ATTN RONALD L OTT L-531
F.O. BOX 8o8
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UNIVERSITY OF CALI FORNIA A F’IIAC
LAWRENCE LIVERMORE LA BORATORY ATTN TAR
ATTN TECH INFO DEPT L-3 PATRICK AFB , FL 32925
P.O. BOX 808
LI VERMORE CA 914550

HEADQUARTERS
ELECTRONIC SYSTEMS DIVISION , (AFSC)

DIRECTOR ATTN YSEV ITC DAVIS C SPARKS
STRATEGIC SYSTEMS PROJECT OFFICE L. G. HANSCOM FIELD
ATTN NSP-27331 PHIL SPECTOR REDFORD , MA 01730
NAVY DEPARTMENT
WASHINGTOI . DC 20376

COMMANDER
FOREIGN ThCUNOLOGY DIVISION , AFSC

DIRECTOR ATTN ETET APT RICHARD C HUSEMANN
STRATEGIC SYSTEMS PROJECT OFFICE WRIGHT-PATTERSON AFB, OH 451433
ATTN NSP—2 3~.2 RICHA R LD L COLB24AN
NAVY DEPART: :~ NT
WASHINGTON , DC 20376 CC~24ANDER

ROME AIR DEVELOPMENT CENTER , AFSC
ATTN RBRA C I L KRUIA C

AF GEOPHYSICS LABORATOR Y , AFSC GRIFFISS AFB, NY 1314140
ATTN WO-STOP 30 FREEr~AU SHEPERD
RANSOM AFB , MA 01731

AERONUTRO PIC FORD CORPORAT ION
ATTN EDWA RD R HAHN P4S-x22

AF GEOPHYSICS LABORATORY , AFSC WESTERN DEVELOPMENT LABORATORIES DIV.
ATTN EMERY CORMIER 3939 FABiAN WAY
HANSCOM AFB, MA 01731 PALO ALTO, CA 914303

AF GEOPHYIC3 LABORATORY , AFSC AERONUT RONIC FORD CORPORATION
ATTN IW~ ELWARD A BURKE ATTN DONALD R MCMORRO, MS 03)
HANSC~~4 AFB, MA 01731 WESTERN DEVELOPMENT LABORATORIES DIV

3939 FABIAN WAY
PALO ALTO, CA 914303

A? INSTITUTE OF TECHNOLOGY, AU
ATTN ENP CHARLES J BRIIX MAN
WRIGHT-PATTERSON AFE , OH 1451433 AEROSPACE CORPORATION

ATTN WILLIAM W WILLIS
P.O. BOX 92957

A? MATERIALS LABORATORY , AFSC LOS ANGELES, CA 90009
ATTN LTE
WRIGHT-PATTERSON AFB, OH 451433

AEROSPACE CORPORATION
ATTN MELVIN BEHN3TEIN

AF WEAPONS LABORATORY, AFSC P.O. BOX 92957
ATTN ELA LOS ANGELES, CA 90009
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• KI RT LAND AF3 , MM 87117 LOS ANGELES , CA 90009
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ATTN TEC H INFO SECTION
AEROSPACE AND COMMUN ICATIONS OPS

COMMANDING OFFICER AERONUTRONI C DIVISION
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ATTN CODE 70214 JAMES RAMSEY NEWPORT BEACH , CA 92663
CRANE , IN 147522

AERONUTRONIC FORD CORPORATION
COMMANDING OFFICER ATTN SAMUE L B CRAWFOR D MS 531
NUC LEAR WEAPONS TNG CENTER PACIFIC WESTERN DEVELOPMENT LABORATORIES DIV
ATTN CODE 50 3939 FABIAN WAY
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SAN DIEGO, CA 92135

CHIEF OF NAVAL RESEARCH
DIRECTOR ATTN CODE 1421 DORAN V PA 1X~~TT
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CHIEF
U S ARMY NUC AND CHEMICAL SURETY GP
ATTN MOSO-NI) MAJ SIDNEY W WINSW .4 COMMANDER
BLDG. 2073 , NORTH AREA U S ARMY MISSILE COMMAND
Fr. BELVOI R , VA 22060 ATTN PRSMI-RGP }RX H GREEN

REDSTONE ARSENA L, AL 35809

Ca.IMANDER
US ARMY NUC LEAR AGENCY COMMANDER
ATTN ATCN- LTC LEONARD A ~]LUGA U ~ ARMY MISSILE COMMAND
FC~T BUSS, TX 79916 ATTN DRSMI-RRH FAISON P GIBSON

REDSTONE ARSENAL , AL 35809

CQ~94ANDER
U S ARMY TEST AND EVALUATION CCMD COMMANDER
ATTN DRSTE-EL RICHARD I KOICHIN U S ARMY MISSILE CO~.t’4AND
ABERDEEN PROVING GROUN D , ~ ) 21005 ATTN DRCW PE-EA WALLACE I) WA~~!ER

REDSTONE ARSENAL , AL 35809
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COMMANDER DIRECTOR
U S ARMY ELECTRONICS COD ~AND U S ARMY BALLISTIC RESEARCH LABS
ATTN DRSEL-CT-HD . A3RA RA~ F CO~[EN ATTN DRARD- RVL DAVI D L RIGOTTI
FORT MOMMOUTH, NJ 07703 ABERDEEN PROVING GROUN D, MD 21005

C~ .V1ANDER CHIEF
U S ARMY ELECTRONICS CO~C LAND U S ARMY COMMUNICATION S SYS AGENCY
ATTN DRSEL-GG -TE D V B WE E K (NO CNrJd I )  ATTN SCCM-AU-SV LIBRARY
FORT MONMOUTH , NJ 07703 FORT MONMOUTH , NJ 07703

COMMANDER COMMANDER
U S ARMY ELECTRONICS CO~LIMD U S ARMY ELECTRONICS COMMAND
ATTN DRSEL-TL-EN ROBERT IJJX ATTN DRSEL-TL-EN E ROTH
FORT MONMCXJTH, NJ 07703 FORT MONMOUT H , NJ 07703

COMMANDER COMMANDER
U S ARMY ELECTRONICS COT LIAN D U S ARMY ELECTR ONICS COMMAND
ATTN DRSEL-TL-ND GERHART GAULE ATTN DRSEL-TL-IR EDWIN T HUNTER
FORT MONMOUTH, NJ 07703 FORT MONMOUTH , NJ 07703

COMMANDER COMMANDER
U S ARMY ELECTRONICS CO~~.IAND PICATTNNY ARSENAL
ATTN DRSEL-TL-ND S ER0NE :SEY ATTN SMUPA-TN 3URTON V FRANKS
FORT MONMO:,frH , NJ 07703 DOVER , NJ 07801

COMMANDER COMMANDE R
U S ARMY ELECTRONICS Co:.:]AND PICATINIIY ARSENAL
ATTN DRSEL-PL-ENV HANS A BONKE ATTN SARPA-ND-C-E AMINA NORDIO
FORT MONMOUTH , NJ 07703 DOVER, NJ 07801

C~ 44ANDER-I N.CHIEF COMMANDER
U S ARMY EUROPE AND SEVENTH ARMY PICATINNY ARSENAL
ATTN 000SE-E AEAGE-PI ATTN SARPA-ND-N
APO N~ 1 YORK 091403 DOVER , NJ 07801

DIRECTOR COMMANDER
U S ARMY BALLISTIC RESEARCH tABS REDSTONE SCIENTIFIC INFORMATION CTR
ATTN DRXBR-X JUL Us J HESZAROS ATTN CHIEF , DOCU’4ENTS
ABERDEEN PROVING GROUND . MD 21005 U.S. ARMY MISS] LE COMMAND

REDSTONE ARSENA L , AL 35809
DIRECTOR
is ARMY BALLISTIC RESEARCH LABS SECRETARY OF THE ARMY

ATTN DRXBR-VL ROBERT L HARRISON ATTN DOUSA OR DANIEL WI LLARD
ABERDEEN PROVING GWJND, MD 21005 WASHI N GTON , DC 20310

DIRECTOR COMMANDER
1) S ARMY BALLISTIC RESEARCM LABS TRANSANA
ATTN DRX~~-AM W B VAMANTNZRP ATTN ATAA-EAC FRANCIS N INANS
ABERDEEN PROVING GROUND, 14) 21005 WHITE SANDS MISSILE RANGE, NM 88002
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DIRE CTOR COMMANDER
U S A R)-IY BALLISTIC RESEA RC H I-ABS MARRY DIAMOND LABORATORIES
ATTN DRXBR-VL JO}fl~i W KINCH ATTN DRXDO-RB JOSEPH H HULETTA
ABERDEEN PROVING GROUND , MD 21005 2800 PONDER MILL ROAD

ADELPHI , MD 23783

COMMANDER
HARRY DIAMON D LA BORATORIES COMMANDER
ATTN DRXDO-TT TECH LTR MARRY DIAMOND LABORATORIES
2800 PONDER MILL ROAD ATTN DRXD(J-RCC JOHN E THCMPKINS
ADELPHI , V. 20783 2800PGF DER MILL ROAD

ADELPHI MD 20783

COMMANDING OFFICER
NIGHT DIvISION LABORATORY COMMANDER
ATTN CART ALLAN S PARKER HARRY DIAMOND LABORATORI ES
U S ARMY ELECTRONICS COMMAND ATTN DRXDO-EM R BOSTAK
FORT BELVOIR, VA 22060 2800 PONDER MILL ROAD

ADEIPHI MD 20783
Co:CtANDER
PICATINNY AR SENAL COMMANDER
ATTN SMUPA-9~-S-P MARRY DIAMOND LABORATORIES
DOVER , NJ 07801 ATTN DRXDO-RBH PAUL A CALIM ELL

2800 PONDER MILL ROA D
ADEIPHI MI) 20783

CO~D4ANDER
PICATINNY ARSENAL
ATTN SARPA-FO-E LOUIS AVRAMI COMMANDER
DOVER , NJ 07801 HARRY DIAMOND LABORATORIES

ATTN DRXDO-RB ROBERT E MCCOSICEY
2800 PONDER MILL ROAD

COMMANDER ADELPHI MD 20783
PICATINNY AR SENAL
ATTN SMUPA-ND-W
DOVER, NJ 07801 DIRECTOR

NATIONAL SECURITY AGENCY
CQ~Q4ANDER ATTN TDL
PICATINNY ARSENAL yr. GEORGE 0. MEADE , MD 20755
ATTN SMuPA-ND-N-E
DOVER , NJ 07801

PROJECT MANAGER
ARMY TACTICAL DATA SYSTEMS

C~~~4ANDER ATTN DRCPN-TDS-SD
PI CATI NNY AR SENAL U S ARMY ELECTRONICS COMMAND
ATTN sMuPA-N~D-D-R EIMARD J ARBER FORT MONMOUTH , NJ 07703
DOVER , NJ 07801

PROJECT MANAGER
COMMANDER ARMY TACTICAL DATA SYSTEMS
MARRY DIAMC::: LABORATORIES ATTN 1MAINE H HUEE

• ATTN DRXW-P IC JONN A ROSADO U S ARMY ELECTRONICS COMMAND
2800 PONDER ~ILt ROAD FORT MoNM0~rrH, NJ 07703AEELPHI , MD 20783

COMMANDER
CC~ MANDER 

~ 4I) SYSTEM COMMAND
HARR Y DIAMONL LABORATORIES ATTN BDMSC-TEN NOAH J HURST
ATTN DRXDO-NP FRANCIS N WII4ENITZ P.O BOX 1500
2300 PONDER NILL ROAD HUNTSVILLE, AL 35807
ADEIPICI , ~D 20783



COMMANDER DIRECTOR
PRANKFORD A R SENAL DEFENSE NUCLEAR AGENCY
ATTM SARFA -FCD MARVIN ELIII CK ATTN RAEV
BRIDCE AND TACONY STREETS WASHINTON , DC 20305
PHILADELPHIA , PA 19137

DIRECTOR
COMMANDER DEFENSE NUCLEAR AGENCY
MARRY DIAMON D LABORATORIES ATTN STVL
ATTN DRXDO-RC ROBERT B OSWALD JR WASHIT GTON , DC 20305
2800 PONDER ~ I LL ROAD
ADELPHI MD 20783

COMMANDER
FIELD COMMAND

COMMANDER ATTN FCPR
MA RR Y DIAMOND LA BORATORIES DEFENSE NUCLEA R AGENCY
ATTN CRXDO-TR EIYWARD E CONRAD KI RTLAND AFB, NM 87115
2800 PONDER MILL ROAD
ADELPHI MD 20783

DIRECTOR
INTERSERVICE NUCLEAR WEAPONS SCHOOL

DIRECTOR ATTN DOCUMENT CONTROL
DEFENSE CC~NUNICATIONS AGENCY KIRTLAND AFB, NM 87115
ATTN CODE 930 MONTE I RU~~ ETF JR
WA SHINGTON , DC 20305

DIRECTOR
JOINT STRAT TGT PLANNING STAFF JCS

DEFENSE DOCUMENTATION CENTER ATTN ULI\1-2
ATTN TC OFFTJTT AFB
CAMERON STATION OMAHA , NB 68113
ALEXANDRIA , VA 2231I~

CHIEF
DIRECTOR LIVERMORE DIVISION FLD COMMAND DNA
DEFENSE INTELLIGENCE AGENCY ATTN DOCUMENT CONTROL FOR L-395
ATTN DS-4A2 LAWRENCE LIVERMORE LABORATORY
WASHINGTON , DC 20301 P .O. BOX 808

LIVERMORE, CA 94550

DIRECTOR
DEFENSE NUCLEAR AGENCY CHIEF
ATTN RATN LIVERMORE DIVISION FLD COMMAND DNA
WASHI NGTON , DC 20305 ATTN FCPRL

LAWRENCE LIVERMORE LABORATORY
P.O. BOX 808

DIRECTOR LIVERMORE , CA 94550
DEFENSE NUCLEAR AGENCY
ATTN STTL TECH LIBRARY
WASHINGTON , DC 20305 DIRECTOR

NATIONA L SECURITY AGENCY
ATTN OR LAND 0 VAN GUNTEN R-425

DIRECTOR FT. GEORGE 0. MEADE , Ml) 20755
DEFENSE NUCLEAR AGENCY
A 11N DZ~STWASUI1” GTON . DC 20305 TR~ SYSTEMS GROUP

ATTM PAUL MOU4UD R1-11.9~
ONE SPACE PARK
RECONDO BEACH , CA 90278

________ 1
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TRW SYSTEMS GROUP TRW SYSTEMS GROUP
ATTN LILLIAN D SINGLETAR R1—1O70 ATTN A M LIEBSCHUTZ R1-1162

• ONE SPACE PARK ONE SPACE PARK
REDONDO BEACH , CA 90278 RE DONDO BEACH~ IA 90278

• TRW SYSTEMS GROUP TRW SYSTEMS GROUP
ATTN R D LOVELAND R1-1O28 ATTN TECH INFO CENT ER R/S-1930
ONE SPACE PARK ONE SPACE PARK
REDONDO BEACH , CA 90278 REDONDO BEACH , CA 90278

TRW SYSTEMS GROUP TRW SYSTEMS GROUP
ATTN RICHARD H KINGSLAND R1-21514 ATTN WILLIAM H ROBIN~ PTE JR
ONE SPACE PARK ONE SPACE PARK
RE DONDO BEACH , CA 90278 REDONDO BEACH, CA 90278

TRW SYSTEMS GROUP TRW SYSTEMS GROUP
ATTN H S JENSEN ATTN JERRY T LUBELL
SAN BERNARDINO OPERATIONS ONE SPACE PARK
P.O . BOX 1310 REDONDO BEACH , CA 90278
SAN BERNARDINO , CA 921402

DIRECTOR
TRW SYSTEMS GROUP NAVA L RESEARCH LABORATORY
ATTN JOHN F DA}INICE ATTN CODE 6631 JAMES C RITTER
SAN BERNARDINO OPERATIONS WASHINGTON , DC 20375
P .O . BOX 1310
SAN BERNARDINO , CA 92402

DIRECTOR
NAVA L RESEARCH LABORATORY

TRW SYSTEMS GROUP ATTN CODE 4004 EMANUAL L BRANCATO
ATTN EARL W ALLEN WASHINGTON , DC 20375
SAN BERNARDINO OPERATI ONS
P .O . BOX 1310
SAN BERNARDINO,CA 921402 DIRECTOR

NAVA L RESEARCH LABORATORY
ATTN CODE 7701 JACK D BRONN

TEXAS TEC H UNIVERSITY WASHINGTON , DC 20375
ATTN TRAVI S L SIMPSON
P .O. BOX 514014 NORTH COLLEGE STATION
LUBBOCK , TX 79417 P1 RECTOR

NAVA L RESEARCH LA BORATORY
ATTN CODE 5216 HAROLD L HUGHES

TRW SYSTEMS GROUP WASHINGTON, DC 20375
ATTN ALLAN ANDERMAN R1-.1132
ONE SPACE PAR K

• REDONDO BEACH , CA 90278 DIRECTOR
NAVAL RESEARCH LA BORATORY
ATTN CODE 6601 H WOLICKI

TRW SYSTEMS GROUP WASH INGTON , DC 20375
• ATTN A A WITTELES MS 111-1120

ONE SPACE PARK
REDONDO BEACH , CA 90278 DIRECTOR

NAVAL RESEARCH LABORATORY
ATTN CODE 5210 JOHN E DAVEY
WASHINGTON , DC 20375
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DIRECTOR BOEING COMPANY , THE
NAVAL RESEARCH LABORATORY ATTN DAVID L DYE H S 87-75
ATTN CODE 2627 DORI S R FOLEN P 0  BOX 3707
WASHINGTON , DC 20375 SEATTLE , WA 981214

COMMANDER BOEING COMPANY , THE
NAVAL SEA SYSTEMS COMMAND ATTN HCIJIARD W WICKLEIN MS 17-11
ATTN SEA -9931 SAMUEL A ~~~HAM P.O.  BOX 3707
NAVY DEPARTMEN T SEATTLE , WA 981214
WASHINGTON DC 20362

BEOING COMPANY, THE
COMMANDER ATTN ROBERT S CALTY.ZELL 2R-O0
NAVAL SEA SYSTEMS COMMAND P.O. BOX 3707ATTN SEA-9931 RILEY B LANE SEATTLE, WA 981214
NAVY DEPARTMENT
WASHINGTON DC 20362

BOOZ-ALLEN AND HAM I LTON , INC .
ATTN RA YMON D J.  C}ffiISNER

COMMANDER 106 APPLE STREETNAVA L SHIP ENGINEERING C~2~~ER NFM SHREWSBURY NJ 077214
ATTN CODE 61714D2 EIMARD F DtJFFY
CENTER ~ JILDING
HYATTSVI LLE , MD 20782 CALIFORNIA INSTITUT E OF TECHNOLOGY

ATTN A G STANLEY
JET PROPULSION LABORATORY

CCt.Q4ANDER 14800 OAK PARK GROVENAVAL SURFACE WEAPONS CENTER PASADENA , CA 91103
ATTN CODE WA5O1 NAVY NUC PRGMS OFF
WHITE OAK , SILVER SPRING , MD 20910

CALIFORN IA INSTITUTE OF TECHNOLOGY
ATTN .3 BRYDEN

C~~4~tANDER JET PR OPULSION LA BORATORY
NAVAL SURFACE WEAPONS CENTER 14800 OAK PARK GROVE
ATTN CODE 1431 EIMIN B DEAN PASADENA , CA 91103
WHITE OAK, SILVER SPRING , MI) 20910

AEROSPACE CORPORATION
COMMANDER ATTN LIBRARY
NAVA L SURFAC E WEAPONS CENTER P . O. BOX 92957
ATTN CODE WA 5O JOHN H MA LLOY LOS ANGELES , CA 90009
WHI TE OAK , SILVER SPRING , MD 20910

ANALOG TECHNOLOGY CORPORATION
COMMANDER ATTN JOHN JOSEPH BAUM
NAVAL SURFACE WEAPONS CENT ER 3410 EAST FCOrIfILL BOULEVARD
ATTN CODE WX2 1 TECH LIB PASADENA , CA 91107WHITE OAK , SILVER SPRING , MD 20910

AVCO RESEARCH AND SYSTEMS GROJPBOEING COMPANY , THE ATTN RESEARCH LIB A830 RN 7201ATTN AEROSPACE LIBRARY 201 LONELL STREETP.O. BOX 3707 WILMINGTON , MA 01887SEATTLE , WA 981214

BDM CORPORATION , THE
ATTN T H NEIGHBORS
P 0 BOX 92714
ALBUQUERQUE, NM 87119
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BENDIX C ORPORATION , THE GENERA L ELECTRIC COMPANY
ATTN DOCUMENT CONTROL ATTN LARRY I CHASER
COMMUNICATION DIVISION SPACE DIVISION
EA ST JOPPA ROAD - TOvISON VALLEY FORG E SPACE CENTER
BALTIMORE, MD 212014 GODDARD BLVD KING OF PRUSSIA

P .O. BOX 8555
PHI LADELPHIA PA 19101

BENDIX CORPORATION , THE
ATTN MAX FRANK GENRA L ELECTRIC COMPANY
RESEARCH LABORATORIES DIVISION ATTN JAMES P SPR ATT
BENDIX CENTER SPACE DIVISI ON
SOUTHFIELD , MI 148076 VALLEY FORGE SPACE CENTER

GODDARD BLVD KING OF PRUSSIA
P .O. BOX 8555

BENDIX CORPORATION , THE PHILADELPHIA PA 19101
ATTN MGR PROM DEV DONALD J NIE HAUS
RESERCH LABORATORIES DIVISION
BENDIX CENTER GENERAL ELECTRIC COMPANY
SOUTKFIELD, iii 148076 ATTN JOHN N PAICHEFSKY

RE-ENTRY AND ENVIRONMENTAL SYSTEMS DIV
P.O. BOX 7722

FLORIDA , ‘JI’IIVERSITY OF 3198 CHESTNUT STREET
ATTN I) P KEITNEDY PHILA DELPHI A, PA 19101
231 AEROSPACE BLDG
GAINESVILLE , FL 32611

GENERAL ELECTRIC COMPANY
ATTN ROB~WT V BENEDICT

FRANKLIN INSTITUTE , THE RE-ENTRY AND ENVIRONMENTAL SYSTEMS DIV
ATTN RAMIE H THOMPSON P . O. BOX 7722
20TH STREET AND PARKWAY 3198 CHE.qTNUT STREET
PHILADELPHIA , PA 19103 PHI LADE LP HIA, PA 19101

GARRETT CORPORATION GENERAL ELECTRIC C~~~ANY
ATTN ROBERT E WEIR DEPT 93-9 ATTN JOSEPH REIDL
P.O BOX 922148 ORDNANC E SYSTEMS
LOS ANGELES , CA 90009 100 PLASTICS AVENUE

PITTSFIELD,MA 01201

GENERAL DYNAMICS CORP .
ATTN D N COLEMAN GENERAL ELECTRIC COMPANY
ELECTRONICS DIV ORLANDO OPERATIONS ATTN DASIAC
P.O. BOX 2566 TEMP-CENTER FOR ADVANCED STUDIES
ORLANDO, FL 32302 816 STATE STREET (p .o. DRAWER Qq)

SANTA BARBARA, CA 93102

GENERAL ELECTRIC COMPANY GENERAL ELECTRIC COMPANY
ATTN J O:-ff4 L ANDR~MS ATTN RO YDEN R RUTHER FORD
SPACE DIVISION TEMPO=CENTER FOR ADVANCED STUDIES
VALLEY FORGE SPACE CENTER 816 STATE STREET (P .o. DRAWER QQ)
GODDARD BLVD KING OF PRUSSIA SANTA BARBARA , CA 93102
P .O. BOX 8555
PHILADELPHIA PA 19101

GENERA L ELECTRIC COMPAN Y
ATTN M ESPIG

GENERA L ELECTRIC COMPANY TEMPO-CENTER FOR ADVANCED STUDIES
ATTN JOSEPH C PEDEN CCF8301 816 STATE STREET (p .o. DRAWER QQ)
SP CE DIVISION SANTA BA~ BARA , CA 93102
VALLEY FORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSIA
P .O . BOX ~~~~ PHILADE LP HIA PA 19101
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GENERAL ELECTRIC C OMPANY GENERAL RESEARCH CORPORAT I ON
TTh CS? 0-7 L H DEF ATTN DAVID K OSI.AS
P . O .  BOX 1122 WASH I NGTON OPER AEIO NS
SYRACUSE , NY 13201 WESTGATE RESEARC H PARK

7655 OLD SPRI NGH OUSE ROAD , SUITE 700
MCCL E.AN, VA 22101

GEN ERAL ELECTRIC COMPANY GRUMMAN AEROSPACE CORPO RATION
ATTN JOHN A ELLERHO RST E 2 ATTN JERRY ROGERS DEPT 533
AIRCRAFT ENGINE GROUP SOUTH OYSTER BAY ROA D
EVENDALE PLANT BETIEPAGE , NY 11714
CINC INNATI OH 145215

GENERA L ELECTRIC CO’IPANY GTE SYLVANIA INC .
ATTN W J PATTERSON DROP 233 ATTN LEONARD L BLAISDELL
AEROSPACE ELECTRONICS SYSTEM S ELE CTRONICS SYSTEMS GRP -EASTE RN DIV
FRENCH ROAD 77 A STREET
UTICA , NY 13503 NEEDHAM , MA 021914

GENERAL ELECTRIC COMPANY GTE SYLVANIA, IN C.
ATTN CHAR LES U HEMISON DROP 6214 ATTN CHARLES A THORNHILL LIBRARIAN
AEROSPACE ELECTRONICS SYSTEMS ELECTR ONICS SYSTEMS GRP-EA STERN DIV
FRENCH ROAD 77 A STREET
UTICA , NY 13503 NEEDHAM , MA 021914

GENERA L ELECTRIC COMPANY GTE SYLVANIA , INC .
ATTN DAVID W PEPIN DROP 160 ATTN JAME S A WALDO N
P .O. BOX 5000 ELECTRONI CS SYSTEMS GRP-EASTERN DIV
BINGHAMTON , NY 13902 77 A STREET

NEEDHAM , MA 021914

GENERAL ELECTRIC COMPANY-TEM PO GTE SYLVANIA , IN C.
ATTN WILLIAM ALFONTE ATTN PAUL B FREDRICKSON
ATTN : DASTAC 189 B STREET
C/O DEFENSE NUCLEAR AGENCY NEED}LAM HEIGHTS, MA 021914
WASHINGTON, DC 20305

GENERAL RESEARCH CORPO RATION GTE SYLVANIA , INC.
ATTN ROBERT D HILL ATTN H AND V GROUP MARIO A NURPFORA
P .O. BOX 3587 189 B STREET
SANTA BARBARA, CA 93105 NEEDHAN HEIGHTS , MA 021914

GTE SYLVANIA , INC . H0NE~VEL L INCORPORATED
ATTN HERBERT A ULII1AN ATTN RONALD R JOHNSON A 1622
189 B STREET GOVERNMENT AND AERONAUT I CA L
NEEDHAM HEIGHTS, MA 021914 PRODUCTS DIVISION

2600 RIDGEMAY PARKWAY
MINNEAPOLIS , MN 551413
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GTE SYLVANIA , INC. HONEYWELL INCORPORATHD
ATTN CHARLES H RAMS (1FTC~1 ATTN R .1 KELL MS S2572
189 B STREET GOVERNMENT AND AERONAUTICAL
NEEDHAM HEIGHTS , MA 021914 PRODUCTS DIVISION

2600 RIDGF~ AY PAR KWAY
MINN EAPOLIS, MN 55413

GULTON INDUSTRIES , INC. HONEYWELL INCORPORATED
ATTN ENGNMAGNETICS DIV ATTN HARRISON H NOBLE M S 725-5A
130141 CERISE AVENUE AEROSPACE DIVISION
HAWTHORNE , CA 90250 13350 U.S. HIGHWAY 19

ST. PETERSBURG , FL 33733

HARRIS CORPORATION HONEYWELL INCORPORATEI)
ATTN T L CLARK M S 140140 ATTN M S 725- STACEY H GRAFF
HA RRIS SEMICONDUCTOR DIVISION AEROSPACE DIVISION
P. O .  BOX 653 13350 U. S. HIGHWA Y 19
ME LBOURNE , FL 32901 ST . PETERSBURG , FL 33733

HARRIS CORPORATION HONE YWELL INCORPORATED
ATTN CARF F DAVOS ,S ;7-22O ATTN TECHNICAL LI BRARY
HARRI S SEMICONDUCTOR DIVISION RADIATION CENTER
P.O .  BOX 883 2 FORRES ROAD
MELBOURNE , FL 32901 LEXINGTON, MA 02173

HARRIS CORPORATION HUGHES AIRCRAFT COMPANY
ATTN WAUME E A BARE MS 16-111 ATTN BILLY CAMPBELL M S 6-E-11o
HARRI S SEMICONDUCTOR DIVISION CENTINELA AND TEALE
P .O. BOX 883 CULVER CITY , CA 90230
MELBOURNE , FL 32901

HAZELTIME CORPORATION HUGHES AIRCRAFT COMPANY
ATTN TECH INFO CTR M WAITE ATTN DAN BINDER MS 6-01147
PULASKI ROAD CENTINELA AND TEALE
GREEN LAWN , NY 117140 CULVER CITY , CA 90230

HUGHES AIRCRAFT COMPAN Y KAMAN SCIENCES CORPORATION
ATTN KENNETH R WALKER M 8 0157 ATT ALBERT P BRIDGES
CENTINELLA AND TEALE P. 0. BOX 71463
CULVER CITY , CA 90230 COLORADO SPRINGS , CO 80933

.
HUGHES ARICRAFT COMPANY KAMAN SCIENCES CORPORATION
ATTU-E1~4ARD C SMITH MS A620 ATTN WALTER E WARE
SPACE SYSTEM S DIVISION P.O. BOX 7463

• P .O. BOX 92919 COLORA DO SPR I NGS , CO 80933
LOS ANGELES , CA 90009
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HUGHES AIRCRAFT COMPANY LITTON SYSTEMS, INC .
ATTN WILLI AM W SCOTT MS 1080 ATTN JOHN P RETZLER
SPACE SYSTEMS DIVISION GUIDANCE AND CONTROL SYSTEMS DIVISION
P.O. BOX 92919 5500 CANOGA AVENUE
LOS ANGLES, CA 90009 WOODLAND HILLS, CA 913614

I~~4 CORPORATION LITTON SYSTEMS , INC .
ATTN FRANK FRANKONSKY ATTN VAL J ASHBY MS 67
ROUTE 170 5500 CANOGA AVENUE
OMEGO, NY 13827 WOODlAND HILlS, CA 913614

I~ 4 CORPORATION LOCKHEED MISSILES AND SPACE CO INC.
ATTN HARRY MATHERS DEPT 14141 P .O. BOX 504
O WEGO, NY 13827 SUNNYVALE, CA 914088

ION PHYSICS CORPORATION LOCKHEED MISSILES AND SPACE CO INC
ATTN ROBERT 1) EVANS ATTN GEORGE F HEATH D/81-lle
SOUTH BEDFORD STREET P.O. BOX 5014
~~JRLINGTON , MA 01803 SUNNYVALE , CA 914088

IRT CORPORATION LOCKHEED MISSILES AND SPACE CO INC
ATTN MDC ATTN EWIN A SMITH DEPT R5-A5
P.O. BOX 81087 P .O . BOX 5014
SAN DIk)3O, CA 92138 SUNNYVALE , CA 94088

MARTIN MARIETTA AEROSPACE LOCKHEED MISSILES AND SPACE CO INC.
ATTN MONA C GRIFFITH LIB MP-30 ATTN L ROSSI DEPT 81-64
ORLANDO DIVISION P.O. BOX ~o4
P.O. BOX 5837 SUNNYVALE, CA 94088
ORLANDO, FL 32805

MARTIN MARIETTA AEROSPACE LOCKHEED MISSILES AND SPACE CO INC
ATTN WI LLIAM W MEAS MP_ 1~.3 ATTN PHILIP J HART DEPT 81-114
ORLANDO DIVISION P.O. BOX 5014
P.O BOX 5837 SUNNYVALE , CA 914088
ORLANDO, FL 32805

MARTIN MARIETTA AEROSPACE LOCKHEED MISSILES AND SPACE CO INC.
ATTN JACK 14 ASHFORD t4P-537 ATTN BEN AMIN T KIMURA DEPT 81-14
ORLANDO DI VISION P .O . BOX 5014
ORLANDO, FL 32805 SUNNYVALE, CA 94088

MARTIN MARIF~tTA CORPORATION LOCKHEED MISSILES AND SPACE COMPANY
ATTN PAUL G WANE MAIL 8203 ATTN TECH INFO CTR D/COLL
DENVER DIVISION 3251 }IANDOVER STREET
P.O BOX 179 PALO ALTO, CA 94304
DENVER , CO 80201
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MARTIN MARI ETTA CORPORATION LTV AEROSPACE CORPORATION
ATTN RESEARCH LIB 6617 JAY R MCKEE ATTN TECHNICAL DATA CENTER
DENVER DIVISION VOUGIff SYSTEMS DIVISION
P.O .BOX 179 P.O. BOX 6267
DEN VER , CO 80201 DALLAS, TX 75222

• MARTIN MAR IETTA CORPORATION LTV AEROSPACE CORPORATION
ATTN BEN T GRA HAM MS P0-1454 ~ ATTN TECHNICAL DATA CTR
DENVER DIVISION P.O. BOX 5907
P.O. BOX 179 DALLAS, TX 75222
DENVER, CO 80201

MARTIN MAP.IET TA CORPORATION M.I.T. LINCO lN LABORATORY
ATTN J B GOOTh~IN MAIL o1452 (UNCL ONLY) ATTN IEONA I~~JGRLIN LIBRARIAN A-082
DENVER DIVISION P.O. BOX 73
P.O. BOX 179 LEXINGTON, MA 02173
DENVER, CO 80201

MITRE CORPORATION, THE MCDONNELL DOUGLAS CORPORATION
ATTN LIBRARY ATTN TECHNICAL LIBRARY
P.O. BOX 208 POST OFFICE BOX 516
BEDFORD, MA 01730 ST. ILIJIS, MISSOURI 63166

NATIONAL ACADEMY OF SCIENCES MCDONNELL DOUGlAS CORPORATION
ATTN R 8 SHANE NAT MATERIALS ADVSY ATTN TO ENDER
ATTN : NATIONAL MATERIALS ADVISORY BOA POST OFFICE BOX 516
2101 CONSTITUTION AVEMJE ST. LWIS, MISSOURI 63166
WASHINGTON, DC 201418

NEM MEXICO , UNIVERSITY OF MCDONNELL DOUGLAS CORPORATION
ATTN W ~ GRANNEMANN (uNcL&ss ONLY) ATTN STANLEY SCHNEIDER
DEPT. OP CAMPUS SECURITY AND POLICE 5301 BOI~A AVENUE
1821 RC*4A N.E. HUNTINGTON BEACH , CA 926147
ALWQUER~UE , NM 87106

NORTHROP CORPORATION MCDONNELL DOUGLAS CORPORATION
ATTN BOYCE T AIRP ORT ATTN TECHNICAL LIBRARY, C1-29O/~~ -914
ELECTRONIC DIVISION 3855 LAXEMOOD BOULEVARD
1 RESEARCH PARK LONG BEACH, CA 908146

t 

PALOS VERDES PENINSULA , CA 902714

NORTHROP CORPORATION MISSION RESEARCH CORPORATION
ATTN JOME H REYNOLDS ATTN WILLIAM C HART
ELECTR(~~IC DIVISION 735 STATE STREET
1 RESEARCH PARK SANTA BARBARA , CA 93101
PALO8 V~~ DES PENINSULA , CA 90271e
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NORTHROP CORPORATION MISSION RESEARCH CORPORATION-SAL! DIEGO
ATTN VINCENT R LIG4ARTII’0 ATTN V A J VAN LI NT
ELECTRONIC DIVISION 71 50 CONVOY COURT
1 RE~ ~ARCH PARK SAN DIEGO , CA 92111
PAWS VEi~D~S PE t~INSULA , CA 902714

NORTHROP CORPORATION MITRE CORPORATION , THE
ATTN GEORGE H TONNER ATTN H F FITZGERALD
ELECTRONIC DIVISION P .O. BOX 208
1 RESEARCH PARK BEDORD , MA 01730
PAWS VERDES PENINSULA , CA 90274

NORTHROP CORPORATION R AND D ASSOCIATES
ATTN ORLI E L CURT IS R AT J?N S CLAY ROSERS
NORTHROP RESEARCH AND TECHNOLOGY CTR P . O .  BOX 9695
31401 WEST BR OAIMAY MARINA DEL REY CA 90291
HAWTHORNE , CA 90250

NORTHR OP CORPORATION RAYTHEON COMPANY
ATTN DAVID N POCUCK ATTN GAUANAN H JOSHI R ADAR SYS LAB
NORTHR OP RESEECH AND TECHNOLOGY CTR MARNELL ROAD
31401 WEST BROA LWAY BEDFORD , MA 01730
HAWTHORNE , CA 90250

NORTHROP CORPORATiON RAYTHEON COMPANY
ATTN JOSEPH D RUSSO ATTN HAROLD L FLESCHER
ELECTRONIC DIVISION 528 BOSTON POST ROAD
2301 WEST 120TH STREET SUDBURY , MA 01776
HAWTHORNE , CA 90250

PALISADES INST FOR RSCH SERVICES INC RCA CORPORATION
ATTN RECORDS SU~ RVISOR ATTN GEORGE J BRUCKER
201 VARICK STREET GOVERNMENT AND C OMMERCIAL SYSTEMS
N~ J YORK , NY 100114 ASTRO ELECTRONICS DIVISION

P.O. BOX 800, LOCUST CORN ER
PRINC ET ON , NJ 085140

PHYSICS INT ERNATIONA L COMPANY RCA CORPORATION
ATTN DCC CON FOR CHARLES H STALLINGS ATTN K H ZAININGER
2700 MERCEI) STREET DAVID SARNOFF RESEARCH CENTER
SAN LEANDRO , CA 914577 W. WINDSOR ¶LYP

201 WASHINGTO N ROAD , P .O . BOX 1432
PRINC ET ON , NJ 085140

PHYSICS INTERNATIONAL COMPANY RCA CORPORATION
ATTN DCC CON FOR JOHN H HUNTINGTON ATTN E VAN KWREN 13-5-2
2700 MERCED STREET CAMDEN COMPLEX
SAN LEANDRO , CA 94577 FRONT ANT) COOPER STREETS

CAMDEN , NJ 08o 2
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P(1,ZER PHYSICS CORPORATION RENSSELAER POLYTECHNIC INST I TUTE
ATTN MITC HEL L BA KER ATTN RONALD J GUTMANN
5142 INDUSTRIAL WAY WEST P.O. BOX 965
P.O. BOX 626 TRC~’, NY 12181
EATONTOUN , 1J (177214

ROCKWEL L IflT ERNATION AL CORPORAT I ON RESEARCH TRIANGLE INSTITUTE
ATTN DENNIS SUTHERLAND ATTN ENG DIV MAYRANT SIMONS
ELECTRONICS OPERATIONS P . O.  BOX 121914
COLLINS RA!)IO GROUP RESEARCH TRIANGLE PARK, NC 27709
5225 C AVEflJE NE
CEDAR RAPIDS , IA 521406

ROCKWELL INT ERNATIONAL CORPORATION ROCKWELL INTERNATIONAL CORP ORATIO N
ATTN M1LDREi~ A BLAIR ATTN GEORGE C MESSENGER F 861
ELECTRONICS OPERATIONS 3370 MIRALOMA AVENUE
COLLI NS RAD O GROUP ANAHEIM , CA 92803
5225 C AVECUE NE
CEDAR RAPIES , IA 521406

SANDERS ASSOC IA TES , INC . ROCKWELL IN TERNATIONAL CORPORATION
ATTN ME L ATT EL NCA 1-32~~ ATTN JAMES H BELL HAlO
95 CANA L STRE ET 3370 MIRALOMA AVENUE
NASHUA , NM 03060 ANAHEIM , CA 92803

SCIENCE APPLICATIONS, INC . ROCKWELL INTERNATIONA L CORP ORATION
ATTN LARRY SC0TT ATTN K F HULL
P .O . BOX 2351 3370 MIRALOM.A AVENUE
LA JOLLA, CA 92038 ANAHEIM , CA 92803

SCIEN CE APPLICATIONS , INC . ROCKWELL INTERNATIONAL CORPORATION
ATTN J ROBERT BEYSTER ATTN DONAL J STEVENS FA7O
P .O . BOX 2351 3370 MIRALOMA AVENUE
LA JOLLA , CA 92038 ANAHEIM , CA 92803

SCIENCE APPLICATIONS , INC . ROCKWELL INTERNATIONAL CORPORATION
ATTN NOEL H BYRN ATTN T B YATES
HUNTSVILLE DIVISION 5701 WEST IMP ERIAL HIGHWAY
2109 W. CL!:rrON AVENUE LOS ANGELES , CA 90009
SUITE 700
HUNTSVILLE , AL 35805

SCIENC E APPL I CATION S , INC . ROCKWELL INTERNATIONAL CORP ORATION
ATTN CHAR LE S STEVENS ATTN ALAN A LANGENFELD
2680 HANO1.E~ STREET ELECTRONICS OPERATIONS
PALO ALTO. ~A 914303 COLLINS RADIO GROUP

5225 C AVENUE NE
CEDAR RAPIDS , IA 521406

1
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SIMULATION PHYSI CS , INC . STANFORD RESEARCH INSTITUTE
ATTN ROGER G LITTLE ATTN ROBERT A ARMISTEIN
141 “8” STREET 333 RAVENS~.JOOD AVENUE
BUR LINGTON , MA 01803 MENLO PARK , CA 914025

SINGER COMPANY ( DATA SYSTP~~ ), THE STANFORD RESERACH INSTITUTE
ATTN TECH INFO CENT ER ATTN PHI LIP I DOLAN
150 TOTJ A ROAD 333 RAVENSWOOD AVENUE
WAYNE , 1J 071470 MEN LO PARK , CA 914025

SINGER COMPANY , THE STANFOR D R ESEARC H INSTITUTE
ATTN IRW IN GOLI~4A}1 ENG MANAGEMENT ATTN MACPHERSON MORGAN
1150 MC BRI DE AVENUE 306 WYNN DRIVE , N. W.
LITTLE FALlS, NJ 071e214 HUNTSVI LLE , AL 35805

SPERR Y FLIGHT SYSTE ~4S DIVISION SUNDSTRAND CORPORATION
ATTN D ANDRE~I4 SCHON ATTN CURTIS B WRITE (No CLASS )
SPERRY RAND CORPORATION 1q51 HARRISON AVENUE
P.O. BOX 21111 ROCKFO RD , IL 61101
PHOENIX , AZ 85o~~

SYSTROI -DONNER CORPORATION
SPER RY RAND CORPORATION ATTN HAROLD D MORRIS
ATTN JAMES A I NDA f~~ 41T25 1090 SAN MIGUE L ROAD
UN IVA DIVISION CONCORD, CA 914518
DEFENSE SYST~~~ DI VISI ON
P.O. BOX 3525 MAIL STATION 193].
ST. PAUL, ).~4 55101 SYSTRON-DONNER CORPORATION

ATTN GORDON H DEAN
SPERR Y RAND CORPORATION 1090 SAN MIGUEL ROAD
ATTN CHARLES L CRAIGEE CONCORD, CA 914518
SPERRY DIVISION
SPERRY GYROSCOPE DIVISION
SPERRY SY8T~~ MANAG~~~~FP DIVISION TEXAS INSTRUMENTS , INC .
MARCUS AVENUE ATTN DONALD J HANUS K $ 72
GREAT NEACK , NY 11020 P.O. ~3OX 514714

DALLAS, TX 75222

SPERRY RAND CORPORATION
ATTN PAUL MARAYPIND
SPERRY DIVISION
SPERRY GYROSCOPE DIVISION
SPERRY SYST~~~ MANAGP24ENT DIVI SION
MARCUS AVENUE
GREAT NECK , NY 11020
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