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INTRODUCTION 
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This paper will describe the results of a theoretical and experimental 

program to investigate the failure of wire-wound resistors due to high power 

pulses of short duration. The power-handling capability of electronic 

components is generally limited by the maximum allowable temperature rise 

the device is able to withstand. Thus the Investigation can be divided into 

two interrelated phases. First, the maximum allowable temperature which 

produces permanent changes in resistive value greater than a predetermined 

tolerance must be ascertained.  Second, the temperature distribution produced 

by a single power pulse must be determined. 

Three methods were employed in the investigation of the failure of 

wire-wcund resistors. These were temperature cycling, pulse testing, and 

computer simulation of the devices.  The samples included various diameters 

of high resistivity nickel-chromium based alloys (Evanohm), low resistivity 

copper based alloys (Cupron), and commercially manufactured wire-wound 

resistors.  Table I lists the properties of the resistance wires and 

materials used for the computer simulations. 

TABLE I 

Properties of Resistance Wire and Resistor Materials. 

Material Specific Heat 
Joules/gm-0C 

Thermal Conductivity 
Watts/cm-0C 

Density  Melting Point 
gm/cm-'      0C 

Evanohm 0.4A8 0.152 8.1 1350 

Cupron 0.393 0.212 8.9 1210 

Air 1.00 0.000242 0.001297 

Phenolic 1.03 0.00157 1.62 1635 

Silicone Rubber 1.47 0.00243 1.16 936 

Silica 1.00 0.0173 1.762 1705 

Steatite 0.837 0.021 2.796 1816 

Aluminum Oxide 1.00 0.035 3.684 2035 

Polyvinyl Formal 0.837 0.001 0.69 

-^: ■ — -> ---^-^ t^*.- 



II       EXPERIMENTAL 

Two experimental  tests v/ere performed on samples of resistance wire and 

wire-wound resistors.     These tests included   temperature cycling and high 

energy pulsing.    The wire samples were 30 cm lengths of Evanohm   (0.36,  0.142, 

and 0.0254 mm in diameter) and Cupron  (0.127 and 0.0279 mm in diameter). 

The resistors were all 1%,  1 or 2 watts,  and consisted of the following: 

Manufacturer A  (16.0,   100,  292, and 1000 ohms). Manufacturer B  (20.0,   200, 

and 470 ohms). Manufacturer C  (0.50,  3.00,  51.0,  and 13,000 ohms for 

temperature cycling;   15.2,  200, 820,  and 3,000 ohms for pulse testing). 

The temperature cycling tests were performed  in the following manner. 

1. Using a precision resistance bridge,  the sample was measured at room 

temperature. 

2. The sample was then placed in an oven preheated to a selected 

temperature.    After a sufficient time to reach equilibrium the sample was 

measured again. 

3. The device was then cooled to room temperature and measured again. 

4. The process was repeated at a still higher temperature. 

Wire samples were heated to 1100oC. Resistors were limited to a maximum of 

350oC.    Above this temperature the materials comprising the substrates, 

coatings,  and jackets melted or decomposed. t 

A typical variation in resistance of nickel-chromium alloy wire during 

temperature cycling is shown in Fig.   I.    At low temperatures the temperature 

coefficient  i« well within the manufacturer's specifications.    At higher 

temperatures the change in resistance is substantially greater,  and changes 

sign several times.     With both nickel-chromium alloys and copper based alloys, 

temperatures close to the melting point must be reached before the resistance 

changes by 5%. 

Since the resistor samples were only cycled to 350CC or less, the changes 

in resistance were very small, but somewhat larger than the changes measured 

in the wire samples.  The excess changes reflect the annealing of winding 

stresses and the change In contact resistance between the resistance wire 

and end caps. 

Figure II is a diagram of.the high energy pulse test. The trigger 

generator provides a single-shot, narrow pulse sync signal. The pulse 

' 
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Figure II. Apparatus for hlßh power pulsing. 
The voltage and current waveforms 
are recorded on Polaroid  film. 
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generator controls the pulse width, and supplies the drive and rise time 

requirements for the high power pulser. The high power pulser provides a 

rectangular pulse up to 2A kw in peak power, continuously adjustable in 

amplitude. Both current and voltage waveshapes are recorded. The 

procedure for the pulse test was as follows: 

1. The resistance of the sample was measured. 

2. The device was then subjected to a high energy pulse. 

3. The resistance of the sample was measured again. 

A. If there was no detectable change in resistance value the 

amplitude of the pulse was increased and the sample was pulsed 

again. 

5.  If the device showed a resistance change a fresh sample was 

selected and pulsed at a higher level. 

An example of pulse testing results is given in Fig. III.  This diagram 

shows the per cent change in resistance as a function of pulse energy. 

Catastrophic failure implies an open circuit, or a resistance change greater 

than 100%.  Some units failed by a mechanical fracture of the resistor casing, 

even though the resistance value did not necessarily change. This type of 

failure occurred only on resistors in which the wire was firmly embedded in 

a rigid matrix. For windings which were held in place by flexible silicone 

rubber no such failures occurred. 

HI COMPUTER SIMULATION OF HIGH ENERGY PULSE BREAKDOWN 

For single, high energy pulses, the temperature rise of the resistor wire 

can be calculated by the adiabatic approximation whenever the heat diffusing 

away from the wire is small compared to the total energy input.  In the 

adiabatic condition the temperature rise is given by 

e 

* & 
fc 

AT 
P t 

P c 

where 

and 

AT 

P 

t 

P 

c 

is the change in temperature (0C) , 

is the power density (watts/cnr), 

is the width of the pulse (seconds) , 
3 

is the density of the wire (gm/cm ), 

is the specific heat (joules/gm-0C). 
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This equation is a good approximation to the temperature rise in many cases, 

and is an upper limit in all cases. 

To Investigate heat flow when the adiabatic approximation was not valid, 

computer solutions to the heat flow problem were used.  The computer program 

employed a finite difference technique to solve for the transient temperature 

distribution in a model consisting of a resistance wire surrounded by one or 

more layers of material such as air. varnish, phenolic, silicone rubber, silica, 

steatite, or alumina.  For small wire sizes or long pulse widths these materials 

can have a significant effect on the temperature rise. 

The results show that a wire sample in air is accurately described by the 

adiabatic approximation for pulse widths used here.  In one of the experimental 

tests Cupron wire 0.0279 mm in diameter was pulsed to catastrophic breakdown, 

:hat is, until the wire melted. The required energy was 0.769 Joules. Using 

Eq. 1, the calculated change in temperature with the appropriate energy density 

was 11830C. Assuming the initial temperature was close to room temperature, 

the final temperature agrees closely with the melting temperature of Cupron, 

1210oC. The computer model predicted that the wire would reach its melting 

point in 81 ysec. very close to the experimentally observed value.  Similarly, 

experimental tests on 0.0254 mm Evanohm showed failure at 0.74 Joules. 

Equa-ion 1 predicts failure in 283 ysec while tho computer program results in 

failure at 286 ysec.  These are very clobe to the experimental values. Hence 

there is excellent agreement among the results. 

Temperature rise in a real resistor is not necessarily adiabatic. as 

shown in Table II. This table is a comparison between the energy required for 

catastrophic failure experimentally and the adiabatic energy required for the 

wire to reach the melting point as calculated from Eq. 1.  The experimental 

energies are significantly greater, particularly for fine wire, indicating that 

a substantial amount of heat diffuses into the surrounding material in the 1.2 

msec pulse width used. 

The temperature distribution in a 0.0254 mm Evanohm wire with 0.00635 mm 

of varnish and imbedded in steatite was obtained from the computer and is 

plotted in Fig. IV for t = 31 ysec and t - 76 ysec. Also shown is the 

temperature rise for adiabatic heating. The power density is the same as in 

the example discussed above.  The deviation from pure adiabatic conditions is 

readily apparent even at these short time intervals. 

*: 
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Figure  IV.     Temperature distribution  in a varnish- 
coated Evanohm wire  imbedded  in steatite. 
Power density is 1.7 x 10^ watts/cm3. 
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TABLE II 

Breakdown Energy for Wire-Wound Resistors from 
Manufacturer B.  Pulse Width was 1.2 msec. 

Resistance Wire Diameter Energy (Joules) 
(mm) Adiabatic Experimental 

20a, 1W 0.0787 2.181 2.872 

200fi, 1W 0.0381 0.930 1.506 

A7(Ki, 1W 0.0305 0.895 2.046 

20«, 2W 0.0889 2.780 4.068 

20(W, 2W 0.0445 1.732 2.916 

A7Of], 2W 0.0381 2.202 3.923 

V 

i I 

I 

The time required to reach breakdown for the same power density used in 

the two examples was calculated for a variety of coating materials. The 

results are summarized in Table III. The presence of any coating increases 

the time to breakdown over that of a bare wire in air. When the wire is 

enameled, the effect on breakdown time depends on the thermal properties of 

the outer layer.  If the third coating has good thermal properties, the 

enamel acts as an insulator and decreases the time to breakdown. If the 

outer coating has poor thermal properties, the enamel itself acts as a 

heatsink and increases the breakdown time.   * 

Figure V shows how the coatings affect the continuous rise in temperature. 

All coatings (except air) lower the wire temperature to some extent. Even 

for the shortest time periods shown in the figure there is some heatsinking 

effect. The wire has such a small diameter that heat diffuses away quickly 

and adiabatic conditions do not hold. 
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TABLE III 

Computer Calculations of Resistor Breakdown, 

Evanohm (0 
P = 1.7 x 

.0254 mm)   _ 
107 watts/cm 

Cupron (0 
P = 5.2 x 

0279 mm)   _ 
lO'' watts/cn 

Time 
No Enamel 

Time 
With Enamel 

Material Time 
No Enamel 

Time 
With Enamel 

285 ysee 340 ysec Air (Adiabatic) 80 usec 93 usec 

391 psec 464 ysec Phenolic 92 usec 100 usec 

433 usec 503 ysee Silicon Rubber 96 usec 102 usec 

2.90 msec 1.21 msec Silica 145 usec 111 usec 

3.90 msec 1.741 msec Steatite 149 Msec 113 usec 

17.0 msec 6.35 msec Aluminum Oxide 302 ysec 116 usec 

IV  CONCLUSIONS 

e-. 

The ability of wire-wound resistors to handle high energy pulses is 

limited by the maximum temperature rise of the resistor.  Failure can occur 

in either of two modes; either the resistor value changes beyond some 

predetermined limit (5% was used in this study), or the casing ruptures, 

causing an environmental failure.  In the second type of failure the 

resistance value may still be within specification. 

The two methods for determining failure of resistance wires and 

commercial resistors were temperature cycling and pulse testing. The 

temperature cycling tests showed that temperatures close to the melting 

point of the wire must be reached before 5% changes in resistance value 

occur.  In commercial resistors the resistance change was somewhat greater 

due to changes in winding stresses and changes in intermetallic resistance 

where the wire is bonded to the endcaps. This was borne out in the pulse 

tests where resistors often experienced more than a 5%  change in value 

before wire melting occurred. 

The pulse tests also indicated that the energy for resistor failure is 

substantially greater than that predicted from adiabatic heating of the wire, 

Computer calculations revealed the effects of surrounding materials on the 

temperature rise of the wire and showed how the breakdown time was increased. 

ii 
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The thermal-conductivity-density-specific heat product of the material 

surrounding the wire is a good measure of the ahllity to withstand high energy 

pulses. As the kpc product increases, the time for resistor breakdown also 

increases.  The minimum amount of pulse energy for breakdown can be calculated 

from Kq. 1, and by adding coating materials the threshold energy for breakdown 

will increase.  Hence if the wire type and size used in a particular resistor 

can be determined, Eq. 1 will give a conservative estimate of the breakdown 

energy. 

The primary characteristic of a resistor which is about to fail is a 

steady increase in resistance value with increase in pulse energy.  Since 

precision wire-wound resistors are usually constructed with longer lengths 

of heavier wire than comparable power wire-wounds, they are inherently 

capable of withstanding higher pulse energies with less change in resistance. 
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ATTN Tech. Lib. SAMSO 

ATTN: MN 
Ch. 
USAN&CSGp 

ATTN : MOSG-NO. MAJ Winslow 

CICSAC 
ATTN NRI/STINFO 

ATTN 
■     11 %* >* **-  ■ ^ ^p y       ■ vv i w 

: Tech. Lib. 
VI ■ 1 ■ ** V ^* ■ ■ 

ATTN XPFS, Maj Stephan 

Cdr 
WSMR 

ATTN 

USAEC, NVL 
ATTN CPT Parker 

: STEWS-TE-NT, M. Squires ATTN : Tech. Lib. 

QIC 
CEL, NCBC 

ATTN : Tech. Lib. 

Cdr. 
USAMC 

ATTN 
ATTN 

: AMSMI-RGP, K» Green 
: AMSMI-RGP, V. Ruwe 

CO ATTN : AMCPM-MD, SAM-D, Proj. Mgr 
ATTN : AMCPM-HA, HAWK, Proj. Mgr. 

NAD . ATTN : Tech. Lib. 
ATTN:    Tech. Lib 
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Proj. Mgr. 
U5ATDS 

ATTN: 

Cdr. 
USAT&EC 

ATTN: 

Tech. Lib. 

Tech. Lib. 

Ch. 
NOps 

Cdr. 
NASC 

ATTN: Tech. Lib. 

ATTN: Tech. Lib, 

Cdr. 
NCC 

ATTN: Tech. Lib. 

Cdr. 
NOSC 

ATTN: 0RD-034C, S. Barnham 

Dir. 
NRL 

A.TTN: 
ATTN: 
ATTN: 
ATTN: 
ATTN: 
ATTN: 
ATTN: 
ATTN: 
ATTN: 

Cdr. 
NSWC 
2 cy ATTN 

ATTN 
ATTN 

4004, Dr. Brancato 
6603F, R. Statler 
2627, D. Folen 
6633, J. Ritter 
Tech. Lib. 
7706, J. Boris 
7701, J. Brown 
464, R. Joiner 
7770, D. Levine 

W. H. Holt 
FUR, Dr. Amadori 
Tech. Lib. 

Dir. 
SSPO 

ATTN: 

ARL 
ATTN: 

Tech. Lib. 

Tech. Lib. 

Cdt. 
AFFDL 

ATTN: R. Beavin 

CS 
USAF 

ATTN: RDQPN 

Cdr. 
RADC 

ATTN: Tech. Lib. 

LASL 
ATTN: Rpt. Lib. 
ATTN: K. Riepe, L-l 

Sandia Lab. 
ATTN:    K. Mitchell, 81B7 

ESD 
ATTN: DCD/SATIN IV 
ATTN: DCKE, L. Staples 
ATTN: YWES 
ATTN: XRE-Surv. 
ATTN: MCAE, Lt Col Sparks 
ATTN: XRP, Maj Gingrich 

Sandia Lab. 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 

3141 
E. Hariman 
A. Limieux 
5223, C. Vittitoe 
2126, J. Cooper 
1935, J. Cover 
9353, R. Parker 

CIA 
ATTN: RD/SI, Rm. 5G48, Hq. Bldg. 
ATTN: Tech. Lib. 

NASA 
ATTN: ASTR-MTD, A. Coleman, Bldg. 4476 

Aerojet El-Sys.       o^/n^n 
ATTN: T. Hanscome, 8170/D6711 

Avco 

BMI 

BPC 

ATTN: Rsch. Lib.. A-830/7201 

ATTN: Tech. Lib. 

ATTN:    Proj. Mgr., Gov. Proj., H. Dietze 

Bendix Aerosp. Sys. Div. 
ATTN:    R.  Pizarek 

Bendix Nav/Cont Div. 
ATTN:    E. Lademann 

BA/H 
ATTN: R. Chrisner 

CSD Lab. 
ATTN: Tech. Lib. 
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BDM 
ATTN : D. Durgin 
ATTN : D. Alexander 
ATTN : Tech. Lib. 

CEC 
ATTN Tech. Lib. 

SAMSO 
ATTN SKT, P. Stadler 
ATTN RSP, Lt Col Gilbert 
ATTN DYS, Maj Heilman 
ATTN SZH, Maj Schneider 
ATTN SKD 
ATTN IND, I. Judy 
ATTN DYJB, Capt Ingram 
ATTN SZJ, Capt Dejonckheere 

UCC 
Holi field Nat. Lab. 

ATTN: Dr. D. Nelson 
ATTN: Tech. Lib. 

UC 
LLL 

ATTN Tech. Lib. 

Dept. of Commerce 
NBS 

ATTN:    J. French, Elc. Tech. Div. 

NASA 
ATTN Library 

Aerosp. Corp. 
ATTN Library 
ATTN S. Bower 
ATTN Dr. Pearlston, A2/220 
ATTN R. Murtensen, Hard. Reent. Sys 
ATTN J. Benveniste 
ATTN Dr. Comisar 
ATTN Dr. Reinheimer 
ATTN I. Garfunkel, 115/2076 
ATTN R. Crolius, A2/1027 
ATTN N. Stockwell, N&E Stf. 
ATTN L. Aukerman, 120/2841 
ATTN V. Josephson, D&S Dir. 
ATTN D. McPherson, Tech. Surv. Dir. 

Bell Aerosp. 
ATTN: Tech. Lib. 

Bell Tel. Lab. 
ATTN : Tech. Lib. 

Bendix RLD 
ATTN:    D. Niehaus, Mgr., Pgm. Dev. 

Boeing Co 
ATTN R. Caldwell 
ATTN D. Egelkrout 
ATTN Library 
ATTN Dr. Dye, 2-6005, 45-21 
ATTN H. Wicklein, 17-11 
ATTN A. Lowrey, 2R-00 
ATTN D. Kemle 

Brn. Eng. 
ATTN Tech. Lib. 

Burroughs Fed/Spec Sys 
ATTN:    Tech.  Lib. 

CRC 

CSC 

ATTN:    M. Lahr, Library,  106-216 

ATTN: 

EG&G 
ATTN: 

FC&IC 
ATTN: 
ATTN: 

P. Carleston 

Tech. Lib. 

D. Myers, 2-233 
TecK Lib. 

Franklin Inst. 
ATTN:    R. Thompson 
ATTN:    Tech. Lib. 

Gen. Dyn. 
Elc. Div. 

ATTN: 

Corp. 

Tech. Lib. 

GE Co., Sf 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 

). Div.. VFSC 
L. Chasen 
J. Peden, CCF 8301 
D. Tasca, 8301-C8 
J. Sratt, M9549 
J. Ar.drews, Rad. Eff. Lab 
TIC 

GE Co. 
ATTN : B. Showalter, 160 

I 
I 

< 

GE Co. 

GRC 

ATTN:    Tech. Lib, 

ATTN:    Dr. Johnson 

Goodyear Aerosp. Corp. 
ATTN:    B. Manning 
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GTE Sylv. GRC 
LSGp ATTN: Dr. Hill 

ATTN: Tech. Lib. ATTN: 
ATTN: 

J. Ise 
TIO 

Harris Semicond. 
ATTN: Tech. Lib. Grurr man Ae rosD. Core 

^Wi 

Hercules Bacchus Pit. 
ATTN: R. Woodruff, 100K-26-W 
ATTN: Tech. Lib. 

Honeywell Aerosp. 
ATTN: H. Noble, Stf. Eng. 
ATTN: Tech. Lib. 

Hughes Acft. 
ASD 

ATTN 
ATTN 
ATTN 
ATTN 

A-1080, W. Scott 
C-624, E. Smith 
A-1080, H. Boyte 
Tech. Lib. 

Di kewood 
ATTN: Tech. Lib. 

Elc. Com. 
ATTN: J. Daniel, 9 

Fairchild Ind. 
SFTC 

ATTN: Mgr., CD&S 
ATTN: Tech. Lib. 

Garrett Corp. 
ATTN: R. Weir, 93-9 
ATTN: Tech. Lib. 

GE Co. 
Ord. Sys. 

ATTN: D. Corman, 2171 

GE Co. 
RESD 

ATTN: Tech. Lib. 

GE Co. 
AES 

ATTN: Tech. Lib. 

GE Co. 
TEMPO-Cen. 

ATTN: Dr. Rutherford 
ATTN: DAS IAC 

GE Co. 
AEG-TIC 

ATTN: J. Ell erhörst, E-2 

ATTN: J. Rogers, 533, Pt 35 
ATTN: Tech. Lib. 

GTE Sylv. 
ATTN: Tech. Lib. 

725-5A    Hazel tine Corp. 
ATTN: M. Waite, TL 
ATTN: J. Colombo 

Honeywell GAPD 
ATTN: Tech. Lib. 
ATTN: R. Johnson, A-1391 

Honeywell RC 
ATTN: Tech. Lib. 

Hughes Acft. 
GSGp 

ATTN: Lib., 600, C-222 

IITRI 
ATTN 
ATTN 
ATTN 

I. Mindel 
J. Bridges 
Tech. Lib. 

Hughes Acft. 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 

K. Walker, D-157 
B. Campbell, 6-E110 
W. McDowell, R&D 
Dr. Binder, 6-D147 
Dr. Singletary, D-157 
Tech. Lib. 

ITT 

ITT 

ATTN: Tech. Lib. 

ATTN: D. Shaff 

McCarthy 
Litton Sys. 

ATTN: F 

LTV Aerosp. 
ATTN: TDC 

LTV Aerosp. 
ATTN: T. Rozelle 
ATTN: Tech. Lib. 

MM Aerosp. 
ATTN: Tech. Lib. 
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n 

McDon. Doug. 
ATTN: Dr. Ender, 313, 33 
ATTN: Tech. Lib. 

McDon. Doug. 
ATTN: T. Lundregan 

MRC 
ATTN:  Dr. Van Lint 

Mitre Corp. 
ATTN: Tech. Lib. 

Northrop Elc. Div. 
ATTN: Tech. Lib. 

Northrop Elc. Div. 
ATTN: Tech. Lib. 

Philco-Ford, WDLD 
ATTN: Tech. Lib. 

Pulsar Asso. 
ATTN: C. Jones 

Rand Corp. 
ATTN: Tech. Lib. 

IITRI, ECAC 
ATTN: Tech. Lib. 

IRT 

IBM 

ATTN: Tech. Lib, 

ATTN: Tech. Lib. 

Ion Phys. 
ATTN: Tech. Lib. 

Kaman Sei. 
ATTN: Tech. Lib. 

Litton Sys. 
Data Sys. 

ATTN: S. Sternbach 
ATTN: Tech. lib. 

Lockheed M/S 
ATTN: TIC, G. Evans, 0-52-52 

MIT, Line. Lab. 
ATTN: A. Stanley 
ATTN: L. Loughlin, Lib. 

MM Corp. 
ATTN: Tech. Lib. 

McDon. Doug. 
ATTN: Tech. Lib. 

MRC 

MRC 

NAS 

ATTN: Tech. Lib, 

ATTN 
ATTN 
ATTN 

J. Hill 
D. Merewether 
Tech. Lib. 

ATTN: Dr. Shane, Nat. Mtls. Adv. Bd, 
ATTN: Tech. Lib. 

Northrop R&TC 
ATTN: Tech. Lib. 

Philco-Ford, A&COps. 
ATTN: Tech. Lib. 

Phys. Int. 
ATTN: Tech. Lib. 
ATTN:  I. Smith 

R&D Assoc. 
ATTN: Tech. Lib. 

Raytheon 
ATTN: Tech. Lib. 

Raytheon 
ATTN: G. Joshi, Rad. Sys. Lab. 
ATTN: Tech. Lib. 

RCA, G&S Sys. 
ATTN: Dr. Brucker 
ATTN: Tech. Lib. 

Rockwell Int. 
ATTN: G. Messenger, FB-61 
ATTN: R. Hubbs, FB-46 
ATTN: J. Bell, HA-10 
ATTN: J. Sexton, CA-31 
ATTN: Tech. Lib. 

Sperry Rand uyro Mgt. Div. 
ATTN: Tech. Lib. 

Sperry Rand Univac Def. Sys. 
ATTN: Tech. Lib. 

Texas Instru. 
ATTN: Tech. Lib. 

BUM 
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TRW Sys. Gp. 
ATTN: A. Liebschutz, Rl-2154 
ATTN: J. Lubell 
ATTN: A. Narevsky, Rl-2144 
ATTN: R. Whitmer 
ATTN: R.   Kingsland, Rl-2154 
ATTN: R. Webb, Rl-1071 
ATTN: F.  Holmquist, Rl-1070 
ATTN: Dr.  Sussholtz 
ATTN: TIC, S-1930 
ATTN: Dr. Jortner 
ATTN: W. Robinette 

UAC Ham Std 
ATTN: 
ATTN: 

R. Gignere 
Tech. Lib. 

Westinghouse D&ESC 
ATTN: H. Kalapaca 
ATTN: Tech. Lib. 

Cdr. 
USAR&DCtr. 

ATTN: AMXRD-BVL, 
ATTN: Tech. Lib. 

, 3525 

J. McNeilly 

Cdr. 
USASA 

ATTN: 
ATTN: 

IARD-T, Dr. 
Tech. Lib. 

Burkhardt 

Litton Sys. 
ATTN: 

, G&CSD 
Tech. Lib. 

RCA, G&C Sys. 
M&S Rad. 

ATTN: Tech. Lib. 

RTI 
ATTN: Dr. M. Simons, Eng. Di v. 

Rockwell Int. 
ATTN: Tech. Lib. 

Sei Appl. 
ATTN: 

Texas Tech. Univ. 
ATTN: T. Simpson 
ATTN: Tech. Lib. 

TRW Semicond. 
ATTN: R. Clarke, Tech. Stf. 
ATTN: Tech. Lib. 

TRW Sys. Gp. 
ATTN: Tech. Lib. 

TRW Sys. Gp. 
ATTN: D. Pubs ley 
ATTN: Tech. Lib. 

UAC Norden 
ATTN: C, Corda 

Univ. Denver, CO Sem., DRI 
ATTN: Tech. Lib. 

Cdr. 
USAADC 

ATTN: Tech. Lib. 

Cdr. 
USAMC 

ATTN: A. Nichols, NDB 300, 95 
ATTN: Tech. Lib. 

Ch. 
NR 
Dept. of the Navy 

ATTN: R. Joiner. 464 
ATTN: Tech. Lib. 

CO 
Diamond Lab. 

ATTN: Lib. 

HQ USAF 
ATTN: XOOWD 

AFSC 

Tech. Lib. 
ATTN: DLCAW 
ATTN: XRP 

Sperry Rand Fit. Sys. Div. 
ATTN: Tech. Lib. 
ATTN: D. Schow, 104C 

SRI 

SRI 

ATTN: Tech. Lib. 

ATTN: Tech. Lib. 

USAFA 
ATTN: FJSRL, CC 

AFIT 
ATTN: Tech. Lib.. 640. B 

CO 
USAEC 

ATTN: AMSEL-1Q-T 
ATTN: Tech. '.ib. 
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Dir. 
Oft., LLL 

ATTN:    TID 

HQ USAF 
ATTN: RDQPN, 1D425 

Dir. 
BMD Prog. Off. 

ATTN: Tech. Lib. 

Westinghouse Elec. Corp. 
ATTN: R. E. Wootton. 301-2B3 

Auburn Univ., Physics Dept. 
ATTN: Dr. P. P. Budenstein 

Dir. 
Ofc, LLL 

ATTN:    Dr.  L.  C. Martin, L-156 
ATTN:    Dr.  J.  Candy, L-156 

State Univ. of NY at Buffalo 
ATTN:    Dr.  J.  J. Whalen 

DISTRIBUTION LIST (Continued) 

Hq USAF 
AFTAC 

ADC 

AUL 

ATTN:    DPQY 

ATTN LDE 

AFWL 
ATTN HO, Dr. Minge 
ATTN EL, J. Darrah 
ATTN ELA, L. Eichwald 
ATTN ELA, J. O'Donnel 
ATTN ELA, R. Hays 
ATTN ELA, D. Lawry 
ATTN ELA, Maj Nielsen 

2 cy ATTN SUL 
5 cy ATTN DYX, Dr. Wunsch 

Lockheed M/S Co. 
ATTN Tech. Lib. 

U.S. Army Msl. Comd. 
2 cy ATTN:    D. Mathews. DRSMI-RGP 

Clarkson College of Tech. 
ATTN:    Henry Dotningos 

Official Record Copy, Maj Nielsen, AFWL/ELA 
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