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FOREWORD

This report presents the final results ot one of the 46 projects comprising the military-effects
program ol Operation Plumbbob, which included 24 test detonations at the Nevada Test Site in
1957,

For overall Plumbbob nulitary-clteets information, the reader 1s referred to the “Summary
Report of the Director, DOD Test Group (Programs 1-9), " ITR- 1445, which includes: (1) a
desernption ot each detonation, imcluding yield, zero-pomt location and environment, type of
device, ambrent atmospherie conditions, ete.: (2) a discussion of project results: (3) a summary
of the objectives and results of each project; and (49 a hsting ol project reports for the military-
ctfects program,
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ABSTRACT

" A total of 350 transistors and semiconductor diodes, including germanium and silicon types,
were exposed to nuetear detonations.  Some of the transistors were operational during exposur_&
as oscillators, amplifiers, and trigger circuits.  Radiation levels varied from 16llto4—3pls
NVT {nrem?) “fntcp,ralcd neutron flux, aceompanied by gamma radiation between 0.1 and 100,000 r.

The transistors showed a deerease 11 common-emitter current gain 4sete and an increase in
collector-diode reverse leakage current deed.  The higher-frequency transistors were less af-
fected by neutron fluxes than were the audio units, and the surface-barrier types were virtually
undamaged by the maximum fluxes obtained. Semiconductor diodes showed an increase in forward
resistance and a decrease in biack resistancyy with-paint-contact types showing much less change
than theunetion-4ypedr \ -

Transistors and diodes tn operating equipment suffered permanent damage comparable to those
passively capased.. Degradalion of performance of this equipment was almost entirely attributable
to changes 1n the senaconrductor parameters. o

The results obtained tire in reasonable agreement with data obtained from pile-type reactors,
mdrcating that total integrated neutron flux is of primary significance, rather than raie of exposure.
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EFFECT of NUCLEAR RADIATION
on SEMICONDUCTOR DEVICES

OBJECTIVES

The object of the work desceribed heremn wis to ascertain the continued effects of neutron, gam-
ma, and electronugnetie radiation upon connuercully available transistors and diodes and upon
electronie crrcuits employing these components,  Particularly desired was specific information of
vialue to the applications rescarcher as to the relative radiation susceptibility of the different types
of semiconductor devices,

BACKGROUND

The use of nuclear weapons i modern wartire makes necessary the obtaining of information
concermng the effects of nuelear radivtion upon armaments and egquipment.  Since many of the
armanent control circwts either presently atithize senitconductor deviees, or may advantageous-
ly do so, 1t 1s essential to obtain mformiation on the performance ot transistors and semiconduc-
tor rdiodes 1n the environment ot a nuelear explosion.

Prelinunary high-intensity, short-daration nextron-irradiation tests were made in 1956 (Ref-
erence 11 using the Los Alamos Scient:fic Laboratory’s Godiva pulse reactor as a neutron source,
The chotee ot senuconductor devicses and the design ot electronie cireuitry exposed cduring Opera-
tion Plumibbob were made as mdicated by the results ot the Godiva test.

THEORY

Since the operation of senuconductor devices depends upes carrier movement through a well-
ordered crystal attice, 1t should be expected that particle bombardment of the crystal »ould
disrupt its ordeviy arrangement and thereby causce device performance to deteriorate.  In addi-
tion, the accompanying gamnid ravs were expected to cause womzation of maticr (grease, potting
compound, cte) an contact with the crystal, resulting in surtace eifects detrimental to transistor
action.

Decrease in the common-emitter torward cur rent gain (beta) ot transistors as a result of con-
tinuous low-level neutron radmtion over a long period of tinie has been measured by others (Ref-
erences 2 and 3r. Since the fuss ot beta has been attributed primarily to a decrease in minority
carrier hietime (References 3 and 4), it was expected that this would be of less proportional
importaace for high-frequency umts, wherem the manority carriers diffuse through a thinner
base region.

An increase n eollector diode backward teakage current (Ig) of .cradiated transistors has
also been measured by investizators using continuously operated reactors (Reterences 2 and 3),
This degradation has been attributed to a eombination of surtaece effeets at the collector-base
Junction, together with changes in bulk eharacteristics of the semiconductor that tend to destroy
the barrier. The former effects, ‘hat of conductances shunting the collector-base barrier, have
been considered to result (References 2 and 4) primarily from exposure to gamma radiation and
a.s e reported to vary considerably with the type of grease or tilling compounds surrounding the
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unit was powered by a sighe buttery.  Eacll self-powered oscillator-muphhcer combamtion was
contained in an alummum can. Sinnlarty, the trigger circuits and the transistorized power sup-
plies were also cach contamed m individual aluminum cans and powered by sell -contained
battevies.

The checking of the transistors’ forward current gain (beta) and collector diode back leakage
current (L.} wes doue with a laboratory-type beta checker. An ac-vacuum-tube voltmeter was
used to monitor the outputs of the oscillators and amphificrs.  The trigger circuits were self-
monitoring by the use of small squibs, which igmted at a predetermined curreat level, Monitoc-

)

OS5I s ATOR AND AMPLIEIER Bl OCKING OSCILLATOR
utc
50 3 - Gran Orented Sicon
7Tam -— 1 d
v f T\)("; 'l‘wnmh‘ f ) 750 o | ) A o
) 4. o }\“ L“ ,*.mt.x & A b ¢ PRI 82 Tunya23
Ak b RN 3 T = Uy 3! IO o b : A 505% SEC 175 Turns M26
Ot , 1";3 AN uTe A : I ;
dr A S0y [ ok
]wm B = )Il . f M
R RS o CARRUA TN ;IE ) 250u 1 = 2
|4 saen o SHIE e 4 I: v
{ ST TN ,a b jous I t ST e
$oon RS [ ) —
Y " "I | | 3214 ' 1
RTIREY e = sackd) 3 JA(l@ =
v S0 arm =7
. .'.M.(._(.)_ > e < - . ) I
No'e T oond T, cere ngh Prequency 'ranu stors heveral types
trec were 2NLOH OSN3 IS and SAS4AR
TWO TRANSISTOR SWITCH ODC POWER SUPPLY
N F (ool 00
i cup core AN —.
uyr 2000 ouiflE E288
o —;--'o-‘\:ws if‘ \t
1
e =
t . 100
. .4 MEG
\\.4 ALY L O —1
Y 22 - 45 -
] § . oy OFEEL
ain To 00 e
i ) wee V1
- . . a . ACHy ] =

Figure 2 Crrewit dhagrams ot transistorized devicees,

my of the outputs of the de-to-de ugh-voltage power supplics was accomphished by using a high-
impedance clectrostatie voltmeter.

The measurements vchieated above were taken and vecorded betore exposare to the radiation
and were repeated agin afterwards,  In every case, aticr-edposure recovery of the equipment
and its momtorme were accomplished bofore the selt-contamed batteries had run down enough
to cause conscguentual evror.

Diata from several types ot detectors, phiced at various distances from ground zevo as part
ol Project 2.3, provided a means tor computing the total itegrated neutren flux (NVT) levels.
These vatues correlated wetl with relative values obtamed trom the gold-toil deteetors placed
inside the boxes.

A total of 293 transistors and 50 sennconductor diodes were irvadated i these tests; of these,
45 transistors were i the operating state durmg irvadiation. Three samples cach of represent-
ative types of commeracially available transistors were exposced to the selected tevels of nuelear
racdhiation. A tew of the less-avalable types were tested i smaller qoanities,

Figure 3 shows the placement of the boxes containing the semiconductors and semiconductor
devices relative to Shot Priscilla. The vne box exposed to Shot tlood was buried 4 inches below
the ground at 800 Feet from ground zero,

RESULTS
The permanent pertormance ciapabitities of these particular transistorized devices were only
slightly atfeeted by exposure (under operating conditions) to atomic radiation up to 2.9 ~ 101

H
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NV and 3.4 0 Fo o As wis expertenced i the prebimmary tests, component damage was
mantest only e the sentconductor devices.,

Fhe oscillator and amphitier umts, whreh atthized the same type of high-frequeney transistors
for both tunctions, showed neghgible permanent ettect lrons irrachation as intense as 10'2NVT
and 150 v, A shphtly lugher exposure of 2.9+ FOY NVT and 3.3 - 10° r resulted in percentage
reductions i the amphers’ outputs, by type ot transistor used, as follows: 2N128, 3.0 percent;
IN114, 7.5 perveent; 2N247, B5 peveent: and 2N94A, 18 pereent. The outputs of the oscillators
reniuned practceally unchanged after exposure at the above levels,

Tripper circutts of two types, blockmg oscillators, and two transistor switches were exposed
w the operative state with mdicdator sguibs connected i the cireuits to disclose false triggering.
Although mspection of the eireunts atter recovery showed that wo permanent damage to perform-

3500 6
24001t
21001
1200 1t

800t

Gngu‘;m o e o T e [Fg [P3)T 3unal
ZERG Burial Deptne” Burial Deptn 10"

. Butia! Depth 5~ 4% ] Buriol Oepth 6™ W" i

Cepthii” ey 29102 NV T 081102 NVT  gunal
scol o' NG T (500t NYT BCOMNL 2000r 2000+ Deptr 6
o6 SO e 900 R Bu‘rz-ol Oepth 19" s
) ' 10 NVT 150r a
Burai Depth 37 €7 -l v Burial Qepth 2-2° B89
09410 NVT ) 1840 NVT, 8r
Neghgible Gommas
Burial Depth 4°-11"
Buriol Depth 6-2" - |- 194100 NV T
NOTE 450" NVT Negligible Gommas

I Bural Depth " 1o Top of Bor Negliqibie Gammaos

> Gommao Dosages Only Approx

Burial Deptn B-0"
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Figure 3 Placement of boxes and flux levels.

anee resalted tron irradiation as hgh as 1.6 - 107 NVT and 900 r, the expended indicator squibs
Showed that a4l crreusts exposed to fluxes greater than 1,9 - 10" NVT (with negligible ganima ra-
dr tion) had been caused to trigeer by the nuckear raduation. Two of the bloeking oscillator cir-
cults, which acre more sensitive than the Dyo-transistor trigger cireunts, triggered from
exposures o .3 - 107 awd 6.2 ¢ 107 NVT, respectively.

Subseguent checking showed that the batteries powering the two-transistor trigger circuits
had run down constderably tollowing the arradiation, whereas similar batteries powering the
vlockinz oscithitors renunned at nearly origimal streength.

The resalts ot irraduting the transistorized high-voltage power supplies were somewhat er-
ratte. At exposed to 3.8+ 10 NVT and 8 r suttered a 19 percent drop in output, whereas
a stlar one exposed to 1.6+ 109 NVT and 900 r had its output decreased by only 2.4 percent
thoth tour days atter eaposare),

The output of a amit irraduated at 0.9 - 10" NVT and neghgible gamma was not reduced.  Lab-
oratory testing of the supphies approxmmately 3 weess atter their irraciation showed that all the
voltage outputs had reccovered to withim 2 pevcent of theirpre-exposutre values,

A check of semiconductor deviees exposed to a nucelear detonation when in the passive state
showed that most ngh-trequency transistors sutfered moderate damage [rom exposure to fluxes
ot 1.1 - 10V NVT (nghest thux aecurately mstrumented) and 8.8 «~ 10* r.  Exceptions to this were
the =uarlace-barvier tronsistors, the characteristies ot which were only slightly altered by irra-
diation at this kevel Ot the several types ot suvface-barmer transistors tested, the 2N1.3
transistors exiubited the highest resistance to radution damage.  The average characteristics
of three 2N128 transistors exposed o uxes of 1.1 - 107 NVT and 8.8 ~ 10* r indicated a loss
m beta of less than 3.2 pereent and an increase wm e, of about 70 percent.  (Highest 1., was still

12
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less than 2 jur.) The chinge of characteristies of the 2N247 deift transistors [rom irradation at
the 1.1 - 1OM NVT level was somewhint unusual, swee the averige beta of the transistor dropped
ouly about 30 percent, whereas the aversge [, mereased to twelve times its pre-exposurce level.

Resalts similar to those above were obtamed when the sante types of tranststors werce con-
tatned tn i two-liayer Boruat (stow-neutron) shield container mside the regular aluminum housing,
and this assembly wits exposed to the same neuatron sind gimma-tlux intensity .

Figures 4 and 3 show the decrease in forward current gain (beti) and the increase in reverse
collector diode leakage current (I,,), respectively, of several of the types of transistors pus-
sively exposed,  Datit showing the cffects of radiation on the beta id I of cach of the transis-

90’ jl
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d . | | * -
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\Q\
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J
& N i 2 1y -4 15
Before t0 10 0 0 10
Exposure Total Integrated Neutran Flux | NVT

Figure 4 Decrease n beta with neutron bombardwent,
tors passively exposed appears w Tabte 1o Both the graphs and the table show normalized values,
1. ¢., the average orgmal value oltered by the average percent change. Where several transis-
tors were exposed at a given tlux level, the mdimadual deviattons from the average change were
generatly less than 30 percent. The tranststors exposed while 1 operating condition 1 equip-
ment werve affected to approximataely the same degree by irradration s were the same type of
passvely exposed transistors,

Fiyzures 6 and 7 show the merease i torward resistance and decrease i back reststance,
respectively, of several types of sentconductor drodes inchrded among the components passively
exposed.

The chasges i h parameters of the Type 2N139 1vansistors exposed to nuelear radiation when
in the passive state are shown - Figuve 8.

Table 2 lists the measured values of muorty carrter hifetime and torward current gams for
2NTT transistors before and after exposure to several intenstiies of nuclear radiation.

DISCUSSION

It 15 belteved that neutron bombavdment was responstble tor the permanent danmige to the

senmitconductor devices exposed in these tests, Other mvestigators (References 2 and 3) have
found that a gamma dosage of about 107 r was required to reach the threshold of permanent semi-
conductor damage.  Stnee the maximum gamma dosage recewved by any component in these tests
was tess than 10° v, the possibility of permanent damages from gamma radiation s ruled out,
Although it was plimued toarradiate the untts of opevating ecquipment at levels up to 2 N 101
NVT. the maximum level to which operating units actually were exposed was 2.9 ~ 107 NVT, a

13
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flax value tess than expected at the selected exposure site and cousiderably below that to which
the passive umts were exposed.

It is to be expected that a neutron flux of 2,9 - 10" NVT would only shightly affect the perform-
ance of transistorized devices using the high-frequency, thin-base, transistors. As oceurred in
the preliminary tests, the oscillator vutputs were not affected, since the oscillators were de-
signed with a relatively Large amount of positive feedback and since the performanee of the high-
frequency transistors used as oscillators in this test deteriorated only slightly at exposures of '
2,9 ~ 10 NVT and below.

The reduction in output of the amplifiers, which occurred at the maximum exposure level (for
active devices) of 2.9 - 10 NVT, was almost directly proportional to the loss in forward current )
eain of the transistors.  As was done n the preliminary tests, the amplifiers were purposely
designed to reflect this deterioration. The maximum decrease in output of 18 percent (1.7 db),
however, cannot be consadered to constitute a device failure, for variances greater than this
exist in conune redally avinlable transistors and are allowed for in conventional electronic design.

The talse trigeering of the blocking vscullator iand two-transistor swatch civeuits is believed
to be due to transient currents resalting {rom either the effects of neutron and gamma radiation
on the sennconductor devices or the circutt interceptiog the radiated electromagnetic field. The
results mdicate o trigpering sensitvaty to nuclear radrition ol several orders of magnitude
sraiter than that for permanent radiation damage to audio transistors.

The tact thiat the batteries powering the two-transistor switches ran down rapidly was attri-
bated to the direct coupling employed from the collector of the NPN transistor to the base of the
PNP transastor.  The use of this type ef coupling vesuits in the I, of the NPN transistor being
amphtied by both transistors to cause a large collector current to flow in the PNP units.  Since
the Iy ot a traesistor mereases trom arradation, the disadvantage of uswy a direct coupled
crreutl 18 apparent.

The erratie behavior of the high-voltage power supplies may have been due to the combina-
tion of the spread of characteristics of the transistors and the fact that this particular design )
requires a transistor with high forward current gain and a high collector-base resistance at the
mstant of cuarrent cutoff.

Since only one supply wias tested at cach dosage level, anomalous behavior of the one sample
(which would average out for many samples) could be responsible for the incongruous data. When
laboratory tests were made, 3 weeks after the exposure, there had been sufficieat annealing so
that the direct-current output of the damaged unit was almost up to its ornginal value.

The majority of transistors exposed to the nuclear radhation while 10 the passive state exhibited
9 deerease mn beta and an nerease in L, to approximately the same degree as was experienced
tor sumibir transistors an the prelimunary tests. Since those contained tn a Boral container were
damaged to almest the same degree as were similar units not o contaed, Wt appears that the
climination of low-cuergy neutrons causes no appreciable change i raduition damage.

The etfects of the changes m h parameters on the performance ot conventional transistor am-
phtiers should be considered.  The power gain (P, G.j of a typrcal sreanded eontter-transistor-
aplitier stage 1s approsimated by:

h(“. RL

hoe * Ry h.

PG thy) o

Where: R the load resastance
h parameters per Institute of Radio Engineers’ standards, corresponding to the hybrd
parameters for i four-terminal network.
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If one assumes that By, as conswderably smaller than by, a condition met in most RC eoupled
transistor amplifiers and in many others, then the power giain equation reduces to:
. LRy
.G (h“_)‘ r (2)
e
Equation 2 wmdwcites that the power gan of an amplifier stage is a function of the transistor
parameters hy,, and o8 however, the varmnee ot the input nmpedance, Njes ol a transistor from
irraduttion 15 relatively small in comparison to the change i by, the forward current gain (beta).
wtollows that the power pinn s approxinutely proportionat to (h“.)“'. The extent of damage to an
amplifier stage 1s thus seen to be it drop e power gan of about 6 db for cach 30-percent decrease
1 beta of the transistor. Since 40 db ot gain per triansistor<amplifier stage is possible with high-
sain transistors, i 6-db loss due to transistor danuge might be tolerated in most cases. Varia-
tions of this relative magmtude could be veduced considerably by the apphication of negative

FABEL 2 CHANGES IN MINORITY CARREIFR LIUTE TIME AND
BE LA WLLIE NTUTRON BOMBARDME N']

1 l.lll.\l.\lll; Lime, osee Beedit NV
Nuintuwer Bolore Aier Belole Aler I yposure
1 i Voo less 6l } It
: N . T K [

. o ut NI lu”

: L6 3 T IR TR
: ol Bodo i3 Lo 1t
® S . 2% 1.y - 1a®
3 Bo 0 Rl 3% Bod L 1ol
~ .- Bo T~ Y 1+ 104
“ Al wioT6 L - 1o
o - s oo s et
1 < o W™ SIS T
1 . 8ol $5 a6 RICERR L

C A i oo Tow to st

teedback, and i addition, the negative teedback, il of the de type, would increase the circuit
stinlity, thich cireunt stabihiy s particularty destrable for circuits exposed to nuclear radia-
ton, beeause af the unavowdable merease s transistor 1.

The analysis above was made using the conmuon-emitter transistor h parameters, since the
nuority ot circuts now cmploy transistors using the common-emitter connection,  Figure 8
shows radnition ettects an the transistors’ common base b parameters, the latter being used
because they are the more commonly measured classical parameters.  For either type of h
parameter, the simeitteant changes trom irradiation are such as to cause similar performance
degradations,

Witn the exception ot g tew anonilies, the measured munority carrier lifetimes listed in
Table 2 are proportionil to the loss of beta of the transistors.  OF particular interest are Tran-
swstors 1, 2, and 3, which sutfered an almost complete loss of beta and also showed extremely
short mmority carrier hitetimes.

CONCLUSIONS

Ot the components nornitlly used in electronie circuits, semconductor devices are the most-
susceptible to danuige by nuclear radiation.  In locations where physical survival of electronic
equipnrent lrom the effects of i nuclear weapon is possible, fast-neutron bombardment alone is
believea o be responsible tor the permanent damage to semiconductor devices.

By desigming eircuits to be highly stable (using negative feedback and optinmized biasing net-
works) and by using high-frequency transistors, the transistorized oscitlators and amplifiers
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ol low-power type should stitl be usable atter exposure to ucuiron fluxes as high as 101 NVT.
During the nuctear detonation, however, malfunctionug of certain eleetronic equipment empluy-
g semrcouductor devices can be expected from exposares ias low as 10° NVT, with neghble
gamnu radiation, b 1s yet to be deterniined whether either the neutron Hux or the radiated
electromagnetic Held, or both, were vesponsible tor malfunctioning during detonation,

Permanent danuipe to transistors tronr a nuclear detonation consists chiefly of a decrease in
forwavd vurrent pain, beta, and an increase in collector back leakage current, i.,. Therefore,
transistorized circtts subject to exposure to a nuelear detoniation should be designed to be as
self-compensating s possible tor changes i these parameters. The designer should avoid cir-
cuits with outputs that are proportiomal to the forward current gain of the transistors.

High-frequency transistors were iess susceptiole o dinuige by fast-neutron irradiation than
were the audio unts.  Surface-barrier units underwent an exposure of 1.1 » 10" NVT from a
detonation without suffering appreciable damage, whereas audio units were damaged severely
by irradmtion at this level, Ob the surface-barrier transistors tested, Type 2N128 exhibited
greatest resistance to cadiation dinnage,

The irradiation of semiconductor diodes at levels up to 1.1 - 104 NVT caused the back resist-
ance ol the diodes to decrease i all cases and, in most cases, caused the forward resistance to
increase.  The behavior of the germamum point-contiaet Type INSSA was unusuail, since its for-
ward resistunce renanned fairly constant after neradiation.

The reasowible correlation i measured drop of minority carrier lifetime with loss of beta of
irradiated transistors supports the theory that the decrease in beta is caused principally by the
nminority careier hfetime decrease,

RECOMMENDATIONS

Tests should be mirde to ascertun and record semrconductor performance during exposure to
anuclear detonation and to ascertnn specttically the degree of contribution to semieconductor I
nuthtunctoning of gannna, neutron, aud electromagnetice tield radiation durmy the explosion.

Functional transistor wind diode) circuitry shouid be construeted to be as radiation resistant
as possibie, and these cireunts should be irvadiated i operatmy condition to ascertamn and record
therr performance both duving and atter exposuare.
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

OPSSI ; MAY 8 838
'MEMORANDUM FOR DISTRIBUTION

SUBJECT: Declassification Review of Operation PLUMBOB Test Reports

The follox;ving 101 reports concerning the atmospheric nuclear tests conducted
during Operation PLUMBOB in 1957 have been declassified and cleared for open
pubhcauon!pubhc release: !

- WT-1401 thru WT-1409, WT-1417, WT-1419 thru WT-1424, WT-1424.1,
WT-1425 thru WT-1438, WT-1440 thru WT-1444, WT-1447 thru WT-1455, WT-1457,
© WT-1459 thru WT-1462, WT-1464 thru WT-1470, WT-1472 thru WT-1477, WT-1480,
WT-1482, WT-1484, WT-1485, WT-1487 thru WT-1490, WT-1492, WT-1493,
WT-1495 thru WT-1502, WT-1504, WT-1505, WT-1507 thru WT-1509, WT-1511 thru
WT-1513, WT-1519, WT-1522, WT-1525, WT-1527 thru WT-1532, WT-1534, WT-
1535 and WT-1542.

An additioﬁal 13 WTs from PLUMBOB have been re-issued ﬁm deletions and are -
identified with an “EX" after the WT number. These reissued versions are unclassified
and approved for open publication. They are:

WT-1410 thru WT-1416, WT-1418, WT-1445, WT-1471, WT-1517,
WT-1521, and WT-1541.

‘This memorandum supersedes the Defense Special Weapons Agency, OPSSI
memorandum same subject dated June 13, 1997 and may be cited as the authority to
declassify copies of any of the reports listed in the first paragraph above.

RITA M. METRO
Chief, Information Security

DISTRIBUTION:
See Attached



