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ABSTRACT

Electronic devices, primarily semiconductors, degrade in a
nuclear radiation environment. In a reactor environment most of
the damage is due to fast neutrons. The lithium hydride shield on
SNNAP 10A was designed to attenuate the fast neutron exposure at
the instrument compartment to a tolerable level. To evaluate
shield effectiveness fast neutron detectors were developed. Eight
detectors were installed in the SNAP 10A FS-4 flight system. This
report discusses the development and in-flight data of these

detectors.

Each detector consisted of a 2N697 transistor as the variable
leg in a bridge circuit. The complete detector was 1-1/4 x 1-1/4 x
3/4 in., consumed 0.26 watts, and weighed less than 3 oz with
wiring. The degradation of transistor gain was correlated to in-
tegrated fast neutron flux in ground tests. These ground test data

were used to reduce flight data.

During final qualification testing, it was found that the detectors
were extremely gamma sensitive. For the comparatively low fast-
neutron/gamma ratio in the SNAP 10A instrument compartment,
the high gamma sensitivity decreased the detector's accuracy at
mid-scale from about +15% to accuracies ranging from +35 to +60%,

depending on the fast neutron/gamma ratio.

The data from the 43-day flight of the SNAP 10A FS-4 system
indicated fast neutron fluxes (>0.1 Mev) ranging from 0.64 x
<= 6 2 - -
10 n/cm -sec to 1.82 x 10 n/cm -sec in the instrument com-
partment. The exposures integrated for 43 days ranged from 2.4 x
10 12 to 6.8 x 10 12 nvt. The exposures extrapolated for one year

range from 2.0 x 10 13 to 5.7 x 10 13 nvt.

NAA-SR-11762
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I. FAST NEUTRON DETECTOR REQUIREMENTS

A. GENERAL

Electronic components, primarily semicon-
ductors, degrade in the nuclear radiation envi-
ronment of nuclear reactors and space. For the
SNAP 10A-Agena vehicle (Figure 1) the space
nuclear environment was insignificant compared
with the nuclear reactor environment. All of the
Atomics International electronic equipment on
SNAP 10A was radiation hardened and ground
qualificationtested to larger exposures than the

one -year extrapolated exposure herein reported.

B. CALCULATED FAST NEUTRON FLUXES
IN THE SNAP 10A INSTRUMENT COM-
PARTMENT
The neutron shield was designed for a uni-

form flux rate in the instrument compartment

due to direct shield penetration. Later calcu-
lations showed that scatter from the control
drum projections and the converter were sig-
nificant. The scatter components distorted the
uniform flux rate pattern and resulted in rela-
tively steep flux gradients across the instru-
ment compartment. Figure 2 shows the re-
ported fast neutron (>0.1 Mev) isodose map at
the instrument compartment. More sophisti-
cated calculations later indicated that the flux
gradients were not as steep as shown in Fig-
ure 2. However, the need for measuring the
flux pattern in the instrument compartment was
evident. The application suggested a series of
fast neutron detectors judiciously located to

take full advantage of the symmetry present.

C. THERMAL VACUUM ENVIRONMENT

The detector had to withstand the usual
shock and vibration environments encountered
during launch. In orbit the detector would be
operating in a space vacuum environment at

about 110 to 130°F.

REACTOR -

CONTROL DRUMS
(22° 0UT)

RADIATION SHIELD-

THERMOELECTRIC
CONVERTER

SNAP INSTRUMENT
COMPARTMENT

SNAP-AGENA —
MATING PLANE

REFERENCE —
DOSE PLANE

3-10-64

Figure 1.
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Figure 2. SNAP 10A Instrument Compartment Isoflux Map
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Il. SUMMARY OF RADIATION DAMAGE IN TRANSISTORS

Radiation damage of transistors is complex,
and attempts at sophisticated analysis are frus-
trated by the disagreement between theory and
experiment. In a reactor environment, fast
neutrons are the predominant contributor to
permanent transistor damage. Types of damage
can be categorized into surface damage and bulk

damage.

A. SURFACE DAMAGE
Conventional surface damage is caused by
ionization of encapsulated gases and surface
impurities which provide leakage paths at the
surface of the transistor.'( ' The damage gen-
erally can be recovered by removing either the
transistor bias or the radiation field. Conven-
tional surface damage usually reaches satura-
tion at low radiation levels and the resulting
degradation is small.

However, serious degra-

3
dation has been reported in isolated cases.( )
The first radiation-caused failure in Telstar at
an equivalent neutron exposure of about
4 x 10** nvt was surface damage. The damage

was recovered by de-energizing the failed

“@

transistors.

B. BULK DAMAGE

Radiation bulk damage refers to changes in
the transistor structure which alters its elec-
trical characteristics. Electrical conductivity,
mobility of current carriers, the number of
current carriers, and the minority carrier
lifetime all change during irradiation. However,
the first-order effect and the only one consid-
ered in this report is the decrease in minority
carrier lifetime which results in the decrease

of transistor gain.

C. DEGRADATION OF TRANSISTOR GAIN

The following expressions show the relation-

ship between transistor current gain and fast
neutron flux”’

I=J +K< ¢ )
o
T t h'FE~Y¥’ Q <0=1 R )]
K = 0 0
td<p S

where:

fast neutron flux, n/cm -sec,

forward static current gain of the
transistor,

t = minority carrier base transit time,
sec,

ratio of transit time to carrier life-
time, and

K = radiation damage constant for the
material used, cm”/n.

Algebraic manipulation of (1) and (2) yields the
following correlation between the fast neutron

flux and the normalized transistor gain:

hFE 1
"AFE 1 + Kt hFE
o o
where
FE = initial nonirradiated transistor gain.

o

NAA-SR-11762
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Ill. DETECTOR DEVELOPMENT

A. DETECTORS CONSIDERED
1. Conventional Instrumentation

Conventional fast neutron detection systems
for the anticipated flux levels between 105 to
107 n/cmz—sec would typically consist of a
fission counter with a power supply and a pulse-
counting system. The complexity and weight
and space requirement prohibited the use of a

series of conventional detection systems for

this application.
2. Solid State Detectors

Both semiconductor diodes and transistors
show promise as fast neutron sensors. During
irradiation, the gain of a transistor decreases
and the forward voltage drop of a diode increases.
Both can be measured easily and correlated to
the integrated flux. More information was avail-
able on transistor degradation, hence the major
effort of this development used a transistor as

the sensor.

As a backup effort, some radiation tests
were conducted on a diode designed for fast
neutron detection (Phylatron Type Ph-20). The
test results were encouraging. .However, de-
velopment of the transistor detector was more
advanced and appeared satisfactory, and the

diode tests were discontinued.

B. TRANSISTOR SELECTION AND SCREENING

The existing literature was reviewed for a
radiation-sensitive transistor with repeatable
and predictable degradation characteristics in
a fast neutron environment. It was anticipated
from the literature that the concurrent thermal
neutron and gamma fluxes would cause insignif-
icant degradation of the transistor. Although
degradation reports for transistors are plenti-
ful, they are all slanted toward proving that the

specific transistors are radiation-resistant.

Thick base transistors are extremely radiation
sensitive but the repeatability and predictability

are very poor.

Developmental tests on small quantities of
transistors started in the fall of 1962 indicated
that the Texas Instruments 2N697 transistor
exhibited repeatable and predictable degradation
characterisitcs. One hundred of these transis-
tors were procured and 60 were irradiated.
Analysis of the irradiation data confirmed that
the degradation characteristics of transistors
with similar h*""'s were repeatable. Also, the
degradation could be predicted from the initial

gain of the transistor.

The transistor tested, a Texas Instruments
2N697, is a high-speed medium-power NPN
double-diffused planar silicon transistor with
a current gain ranging from 40 to 120. To min-
imize variances due to dissimilar transistors,
400 transistors from the same manufacturing
batch were procured. The 400 transistors were
graded and 96 transistors with similar hj.j.'s
were selected for flight systems. The temper-
ature coefficients of the 96 transistors were
measured and the transistors with similar tem-
perature coefficients were used on the flight
system, and for calibration and qualification

testing.
C. TEMPERATURE CONSIDERATIONS
1. Temperature Coefficient

The major temperature problem was the
sensitivity of transistor gain to temperature.
Temperature compensation of a nonirradiated
transistor was relatively routine. However,it was
not known if the temperature coefficient of a tran-
sistor remained constant during irradiation. It
was decidedto design temperature compensation
for a nonirradiated transistor and determine if

this compensation was adequate after irradiation.

NAA-SR-11762

10



134

130

126

122

118

114

110

106

102

98

94

90

7561-02991

Figure 3. Temperature Coefficient Extremes

NAA-SR-11762
11



The measured temperature coefficients of 96
transistors selected as flight candidates were
linear and similar with a few exceptions. The tem-
perature coefficients of the eight flight detector s
ranged from 0.37%/1 to 0.51%/1°Fwithanarith-
metical mean of 0.41%/1°F. The two extreme
temperature coefficients of the flight detectors
are shown in Figure 3. The 40% change in gain
for transistor No. 407 from 70 to 140°F empha-

sizes the need for temperature compensation.

The resistor-thermistor combination and
the thermistor temperature coefficient required
for the average temperature coefficient, and the
planned collector current of the transistor were
calculated. An assortment of thermistors brack-
eting the nominal calculated resistance and

thermistor temperature coefficient were obtained.

Temperature cycling tests were conducted
for various combinations of thermistors, re-

sistors, and transistors. The selected
thermistor-resistor combination is shown on
Figure 4. Figure 5 shows the typical temper-
ature sensitivity of a detector before and after
compensation. Figure 5 also shows that the
temperature compensation is not only adequate

but also is much better for an irradiated detector.

THERMISTOR
1250n /

1750 fi

100 kfi

283 v
100 kfl

2N697

7561-02992

Figure 4. Detector Schematic

2. Transistor Stability and Annealing

The initial plan was to preirradiate the tran-
sistor sensors to some predetermined level
beyond the damage threshold before installing
them in the detectors. However, it was dis-
covered that irradiated transistors annealed
(recovered some of their gain) when continuously
energized or subjected to temperatures above
room ambient. Attempts to determine the an-
nealing mechanism or means for minimizing

annealing were unsuccessful.

A series of annealing tests was conducted on
irradiated transistors using a common emitter
circuit. Generally, a group of three similar
transistors were operated at the predetermined
temperature and base current which were kept
The test

Most of

constant for the duration of the test.
durations ranged from 31 to 105 days.
the tests were conducted with one group at
ambient and the other at 140°F. Base currents
were set for initial collector currents ranging
from 30 microamps to 5 milliamps. Transistors
both energized and not energized during irradi-

ation were tested.

The test results were inconclusive but the

following qualitative observations were made:

1) No annealing was noted for highly ir-
radiated transistors (5 x 10 nvt) stored at

room temperature for six months.

2) For transistors irradiated to the same
level, annealing rate and degree of annealing

was about the same when:

a) The transistors are not energized

at 140 "F.

b) The transistors are at room ambient
or 140°F and energized with any collector

current ranging from 0.04 ma to 5 ma.

3) The annealing rate was initially para-
bolic, then became linear with no saturation

apparent after 104 days of continuous testing.

NAA-SR-11762
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4) Similar annealing rates and degrees of
annealing were observed for transistors en-
ergized (active) during irradiation when com-
pared with transistors not energized (passive)

during irradiation.

It appeared that annealing could be related
entirely to the collector-base junction temper-
ature of the transistor. Heating the transistor
would naturally heat this junction and the pas-
sage of current results in Joule heating (IZR) of
the junction. The collector-base junction tem-
perature of a 2N697 transistor was determined
using the method described in Reference 7.
Measurements were made at 77°F and about
140°F using various collector currents. The

results are shown in Table 1.

It was concluded that no direct correlation
of annealing to collector-base junction temper-
ature could be made since about the same an-
nealing was observed at junction temperatures

of 88 and 153°F.

To correlate degree of annealing with degree
tests were conducted using tran-

1.6 x 10 12,

of irradiation,
sistors irradiated to O, and 5 x
10 13 nvt. The family of curves shown in Fig-
ure 6 indicates very little annealing for tran-
sistors irradiated to 1.6 x 10 12 nvt and consid-
erable annealing at 5 x 10 13 nvt. These tests
were conducted at 140°Fusing a commonemitter
circuit with the collector current, I , held

constant.

TABLE 1

JUNCTION TEMPERATURE VS Ic AND
AMBIENT TEMPERATURE

Ambient Junction Junction Temperature
Temperature Temperature Above Ambient
<°F) (ma) (°F) (-F)
77 0 77 0
77 1 88 5
77 5 102 25
77 10 130 53
138 0 138 0
138 1 143 5
140 5 153 13
141 10 166 25

NAA-SR-11762
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[V. DETECTOR DESIGN AND FABRICATION

A. DESCRIPTION

The detector circuit consists of a bridge
network with the transistor as the variable leg
(Figure 4). A thermistor was used to compen-
sate for variations of tia nsistor gain due to
The variable 3,000-ohm resistor

The

temperature.
was adjusted for an initial output of 1 mv.
1- to 21-mv range of the detector corresponds

to a degradation in normalized gain (h"g/hj.”, )
from 1 to O.

1 1/4 x 3/4 in.

The potted detector was 1 1/4 x
and weighed less than 3 oz with

wiring. Each detector consumed 0.26 watts.

B. FABRICATION AND INSTALLATION

Thirty flight-type detectors were fabricated.
Figure 7 shows one unpotted detector and one
complete detector. Forty-eight developmental
detectors were fabricated for SNAP 10A mockup
and test systems.

The eight locations selected in the instru-

ment compartment were a compromise between

Figure 8.

12-9-64 7561-551382

Figure 7. Unpotted Detector and
Complete Detector

the desired locations for flux mapping and the

availability of space, power, and mounting
facilities. FigureS shows the detectors mounted

in the instrument compartment.

Location of Eight Detectors in the Instrument Compartment

NAA-SR-11762
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A. GENERAL

Table 2 summarizes the radiation tests per-
formed on selected transistors from the pro-
cured lot of 400.
earlier feasibility testing dating back to 1962

or the irradiation of 60 transistors referred to

in IT1-B.

Test
Dates

9-14-64
to
10-11-64

11-18-64

1-11-65

1-19-65
to
1-22-65

1-22-65

1-22-65
to
1-28-65

1-28-65
to
2-10-65

2-8-65

3-9-65
to
3-10-65

Quantity
Tested

54 T ransistors

6 Transistors

6 Detectors

2 Detectors

6 Transistors

2 Detectors

12 Transistors

3 Detectors

12 Transistors

3 Detectors

8 Transistors

V. RADIATION TESTING

This table does not include

Irradiation
F acility

L77 Reactor

X-ray (150 kev)

STIR reactor
fission plate

2600 curie
Co 60

source

2600 curie

Co source

2600 curie

Co source

2600 curie

6060 source

STIR reactor
in pool

STIR reactor
in pool

Test results indicate that the fast neutron

response is repeatable and predictable but the

gamma response is erratic.

The lithium hydride shield on SNAP 10A
attenuates the fast neutron flux three decades

but the gamma attenuation is insignificant.

Therefore, the instrument compartment has a

TABLE 2

Total Flux

Exposures

7.2 x
4.3 x

10 ~ nvt
1012 nvt

1.7 x 10 nvt

5x 10 rad
9 x

5.8 x

1012 nvt
10~ rad

3x 10 rad

4x10 rad

S5 x 10 rad

6.5 x 10 rad

1012 nvt
3 x 10~ rad

2.2 x
2.8 x

10 2 nvt
10" rad

NAA-SR-11762
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n/rad
Ratio

10

1.5 x 10

1.5 x 10

8§ x 10

RADIATION TESTS ON SELECTED TRANSISTORS

A-Transistor Active
(energized) During
Irradiation
P-Transistor Passive
(de-energized) During
Irradiation

A, 3 transistors in each of 18
combinations of temperature,
flux rate, and initial transis-
tor gain

P, surface damage study
A, 120°F, detectors behind
2 in. of lithium hydride for

neutron spectrum hardening

A, ambient temperature

P, ambient temperature

A, ambient temperature

A, 6 transistors and 3 detect-
ors,

P, 6 transistors,
temperature

ambient

A, 6 transistors and 3 detect-
ors,
P, 6 transistors, 120°F

A, 120°F



relatively low neutron/gamma ratio. The located in a water-filled cylindrical shield tank

potential problem of gamma damage masking 8 ft in diameter by 7 ft high (Figure 9). The
neutron damage was evaluated at the start of transistors were tested on fixtures installed in
development and appeared to be non-existent. the two beam tubes. Figure 10 shows the out-

Hence, gamma tests were not included in the side of the reactor shield tank, one test fixture

developmental testing. Qualification testing
revealed that the gamma damage in the 2N697
transistor was as much as ten times grealte\r
than the maximum reported in literature. '
The unexpectedly high gamma sensitivity of the
detector and the low neutron/gamma ratio in
the instrument compartment necessitated addi-
tional tests in a neutron-gamma environment
similar to SNAP 10A. These tests indicated

that gamma damage is significant and adversely

affects the accuracy as shown in Table 3.

AUXILIARY EXPOSURE—"

TUBE (4)

TABLE 3
ACCURACIES AT VARIOUS
NEUTRON/GAMMA
RATIOS
n Detector
rad Accuracy at
Midscale
108 £15%
8 x 106 £50%
1.5 x 106

Extremely Poor

Due to the unpredictable scatter in gamma
damage data, a simple subtraction of gamma
damage from total damage to determine fast

neutron damage is not feasible.

B. PREDOMINANT FAST NEUTRON ENVIRON-
MENT TESTS

1. L77 Reactor Irradiation

Fifty-four transistors were irradiated in
AlI's L77 reactor. The L77 is a 10-watt homo-
geneous solution-type reactor using aqueous
uranyl sulfate enriched to about 20% of U235 as
the fuel in a 15-3/4-in. diameter spherical 9-16-64

core. The core and a three-region shield are

NAA-SR-11762
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Figure 10.

CONTROL ROD THIMBLE (21

BEAM TUBE (2)

THIMBLE (4)

7561-02995

7561-18526
L-77 Test Setup



inserted in a beam tube, and the test instru-

mentation. Common emitter circuits were used
The base current was set

The

for all transistors.
for an initial collector current of 4.6 ma.
reactor was operated at 3.3 watts 24 hours a

The transis-

day, 5 days a week for 4 weeks.

tors were energized continuously for the 4 weeks.

The purpose of the L77 test was to deter-
mine if detector response was affected by vari-
ations in temperature, flux rate, and initial
transistor gain. The ranges of the variables
expected in SNAP 10A are shown in Table 4.
The 54 transistors were irradiated, 3 in each
of the 18 possible combinations of the variables

shown in Table 4.

TABLE 4
L77 TEST CONDITIONS

Initial
T emperature Flux Rates Transistor
(°F) (n/cm -sec) Current
Gain
110 5x 105 43
130 3 x 106 72
107 117

The results of the test indicated that detector
response is relatively independent of tempera-
ture, flux rate, and initial transistor gain.
Detector sensitivity increases with increasing
flux rate, initial transistor gain, and decreas-
ing temperature; however, this dependence is
weak. The spread of the response curve for
three similar transistors operating at the same
flux rate and temperature generally overrides
the effects of varying temperature, flux rate,

and initial transistor gain.
2. STIR Fission Plate Irradiation

Six detectors similar to the ones used on the
SNAP 10A FS-4 flight system were irradiated
at the fission plate of the Shield Test and

Irradiation Reactor (STIR). STIR is a 1-Mw
pool-type reactor with facilities for irradiation
in the pool and in the shield test room (Fig-
ure 11). One wall of the shield test room con-
tains a graphite thermal column adjacent to the
reactor core. A highly enriched U235 fission
plate can be driven from its cask to a position

adjacent to the thermal column.

The purpose of the STIR irradiation was to
obtain calibration data which could be used to
interpret the flight data. The fast neutron
spectrum in SNAP 10A was simulated by
mounting the detectors behind 2 inches of
lithium hydride. The test temperature was
120°F. After 29 hours of continuous irradia-
tion the integrated flux at the detectors was
9x10 13 nvt. The flux rate was progressively
increased from 1.66 x 107 to 2.44 x 10% n/cm2 -
sec. Figure 12 shows the response envelope

for the six detectors.

Before the STIR calibration, the response

was predicted from the relationship

An average damage constant, K, was calcu-
latedfrom the L77 irradiation. The preirradiation
gain, hpj- , and the base transit time, t, were
measured.0 The agreement between the predicted
and measured responses was good. Figure 13
shows the poorest agreement between predicted
and measured response for the six transistors.

For similar transistors, the widest varia-
tion of the transistor constants, K, t, and hpr ,
was
L77

20%

in the damage constant K. Results of the
irradiation indicated that K variations of
were common for similar transistors op-
erating at the same temperature, flux rate,

and current. Since K cannot be measured

without destroying the transistor, improving

NAA-SR-11762
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7-26-65

Figure 11.

the accuracy of the predicted response is not

feasible.
C. X-RAY TESTS

X-rays were used to determine the extent of
surface damage on the 2N697 transistors. Five
transistors were exposed to 5 x 10® rad. Fig-
ure 14 shows that the surface damage on 2N697's
is errata L it appreciable, and gain has degraded
to about 70% of initial gain at relatively low

5
doses of 1 to 3 x 10 rad.

Generally, surface effects can be recovered
by removing the transistor bias or by removing
the irradiating source (Reference 2). Contrary
to this general behavior of transistors, the
surface effect of the 2N697's could not be re-

covered using these normal methods.
D. GAMMA ENVIRONMENT TESTS

The detector's exposure to gamma irradia-

tion started as a routine part of the qualification

DENSE CONCRETE STRUCTURE

FISSION PLATE CASK

7569-0938A
STIR Facility
indicated that transis-

tests. Literature”~>”

tor damage would be due predominantly to

fast neutrons.

Gamma damage is not as predictable or re-
peatable as neutron damage; consequently,
experimental efforts to determine a neutron/
gamma damage equivalence have resulted in

the wide range of reported equivalences shown
in Table 5.*8’ 9)

TABLE 5

NEUTRON DAMAGE EQUIVALENCE
(n/cm2) OF ONE-RAD

Lowest Most Probable Highest

4.82 x 104 5.2 x 105 2.5 x 106

Table 6 shows the calculated percentages of
gamma damage to total damage for each detector

based on the calculated neutron and gamma

NAA-SR 11762
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Figure 12. STIR Calibration Response Envelope at 1.5 x 10 n/rad
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Figure 13. Measured Response vs Predicted Response
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Figure 14. Transistor Surface Damage on Five 2N697's
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Figure 15. Gamma Response of Detectors
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TABLE 6
PERCENT OF GAMMA DAMAGE TO TOTAL DAMAGE

Detector ND-1 ND-2 ND-3 ND-4 ND-5 ND-6 ND-7 ND-8
Most Probable (%) 2 2 6 20 2 5 12 12
Worst Case (%) 9 7 24 55 8 21 39 41

TABLE 7
CALCULATED n/rad RATIOS
Detector ND-1 ND-2 ND-3 ND-4 ND-5 ND-6 ND-7 ND-8
A
n/radx 10 247 31.7 7.8 2.07 27.1 9.5 3.87 3.65

fluxes at each detector and the reported most
probable and worst case neutron/gamma dam-

age equivalences.

The first gamma exposure of the detectors
indicated high gamma sensitivity. Subsequent
tests indicated that the 2N697 transistors were
from 1.4 to 10 times more gamma sensitive
than the worst case previously reported and
from 7 to 44 times more sensitive than the

most probable.

As previously noted, degradation of similar
transistors due to fast neutrons was repeatable
and predictable (Figures 12 and 13). In contrast,
gamma degradation data for similar transistors
exhibited considerable scatter and was not pre-
dictable (Figure 15). The solid lines in Fig-
ure 15 shows the response envelope for 28 tran-
sistors and detectors to Co”™ gammas. The
broken lines show the response envelope for
four transistors to a higher-energy cadmium
gamma spectrum. Contrary to the anticipated
results, the higher-energy cadmium gammas
appear less damaging than the lower-energy
Co gammas. However, the results are in-
conclusive due to the differences in test condi-
tions. The tests from which the solid lines

were generated were at ambient temperature

and used a common emitter circuit similar to
the one shown in Figure 4 where 1" was held
constant and Ic initially was 4.6 ma and de-
creased as the transistor degraded. Also, the
tests from which the broken lines were gener-
ated were at 140°F and used a common emitter
circuit but I,b was varied to maintain a constant
Ic of 10 ma.

The electrical characteristics of the resistors
and thermistor in the detector were monitored in
one Co test to confirm that they suffered no
degradation.

E. SIMULATED SNAP 10A ENVIRONMENT

TESTS

Table 7 shows the calculated n/rad ratios at

the eight detectors from the calculated neutron

and gamma fluxes.

The response of the detectors in a neutron/
gamma ratio lower than the SNAP 10A worst
case (ND-4) was determined. Twelve transis-
tors and three detectors were irradiated to
45 x 10 12 nvt in the pool of the STIR reactor at
1.5 x 10~ n/rad. The unbroken lines inFigure 16
show the envelope of the responses for six tran-
sistors and three detectors. Gamma degrada-
tion is manifested by the large degree of scatter

and non-repeatability of the response curves.
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Figure 16. Detector Response Envelope at 1.5 x 10" n/rad
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For comparison, the broken line in Figure 16

shows the average of the repeatable and pre-
g

dictable response at 1.5 x 10 n/rad (Fig-

ures 12 and 13). Obviously at 1.5 x 10~ n/rad

detector accuracy is extremely poor.

Since data indicated good accuracy (£15%
g
at midscale) at 10 n/rad but extremely poor
accuracy at 1.5 x 10 n/rad the next test was

at 8 x 10 n/rad. Eight transistors were ir-
radiated in the pool of the STIR reactor to
10 nvt at 8§ x 10 mn/rad. The characteristic
scatter of gamma degradation again was pres-
ent in the response curves envelope (Figure 17).
The response at 8 x 10 n/rad was not as

erratic as the response at 1.5 x 10 n/rad.
The spread at midscale, referred to an av-
erage curve, was about +50%. One additional
limitation at 8 x 10~ mn/rad was the scatter
and extremely poor accuracy at low levels

of irradiation.

F. NEUTRON SPECTRA UNCERTAINTIES

No attempt has been made in this report to
correlate transistor degradation to neutron
spectra. All dosimetry was normalized to a
fission spectrum including the STIR in pool
tests where the spectra of both tests were
harder than a fission spectrum. For in-pool
tests, the neutron spectrum hardens as the
n/rad ratio decreases.jt was never proven
that the additional degradation at lower n/rad
ratios was due to gammas. The concurrent
hardened neutron spectrum could cause the ad-
ditional degradation. A test-proven correlation
of transistor degradation to neutron spectra is
not available; however, using vacancy formation
theory, degradation is not a strong function of

neutron energy at the higher energies.™ * In

addition, the detector's extreme sensitivity to
Co”"O gammas indicate the gammas and not the

harder spectrum are responsible for the added

degradation at lower n/rad ratios.
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Figure 17 Detector Response at 8 x 10 n/rad
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VI. QUALIFICATION TESTING

In addition to the radiation environment tests
described, the detectors were flight qualified
by test for the SNAP 10A launch and space

thermal vacuum environments. Table 8 sum-

marizes the test results.

TABLE 8
DETECTOR QUALIFICATION TESTS

Type Test

Performance Record
Humidity
Temperature Stability

Post Environmental Tests

*The deviations from the specification for these

devices were marginal.

VII.

A. MALFUNCTION OF ONE DETECTOR

No in-flight data was received from ND-1.
From the prelaunch data, it appears that the
output polarity of the telemetry signal was in-

verted probably due to a wiring error.

B. GAMMA DATA

Gamma flight data indicated a relatively
uniform gamma flux varying from 650 rad/hr

to 716 rad/hr across the instrument compartment.

C. SOLID STATE DETECTOR DATA

The initial data from the solid state detectors
were erratic indicating that gamma damage
was present. To interpret the flight data,
the method detailed in the Appendix was used.
This method utilizes the slopes of the detector
response curves between 13- and 17-mv output

and attempts to separate neutron damage from

Quantity Incidents or
Tested F ailures
19 0
4 0
10 4
4 0
four

FLIGHT DATA

the total damage. Since the accuracy of the
detectors depends on the n/rad ratio at the
detector, the upper and lower limits of flux

rate were determined for each detector.

The basic information used for flight data
interpretation is from the off-line steady state
data generated by the FLAP 4 computer code.
Each point is the average of all readings for
that point during one pass of the SNAP 10A-Agena
vehicle over one tracking station. The milli-
volt reading is converted to nvtby FLAP 4using
the average response curve at 1.5 x 10g n/rad.

Figures 18 and 19 show the output from
FLAP 4 in the vicinity of the 13- to 17-mv
range used for data reduction. For each de-
tector, a least squares fit was used between
13 and 17 mv to determine the total equivalent
flux rate which includes neutron and gamma

damage. From this total equivalent flux rate,
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SUMMARY OF DETECTOR EXPOSURES

n+y Upper and n Integrated
Equivalent Probable Lower Limits rad Exposures One Year
Detector n Flux .
Flux 106 on n Flux Ratio 43 Days (nvt x 107)
x 106) (nvx 106) (nvx 106) x 106) (avtx 10 ~)
ND 2 2.53 1.82 24 - 11 10 6.8 5.7
ND 3 2.28 1.58 2.1 - 0.96 8.7 5.9 5.0
ND 4 1.17 0.6A 1.0 - 0.23 3.5 2.4 2.0
ND § 1.30 0.73 1.1 - 0.32 4.0 2.7 2.3
ND 6 1.55 0.94 1.4 - 0.46 5.2 3.5 3.0
ND 7 1.75 1.10 1.6 - 0.57 6.1 4.1 3.5
ND 8 1.71 1.08 1.5 - 0.54 6.0 4.0 3.4

*Based on the measured gamma flux of 650 rad/hr

the calculated gamma damage was subtracted The largest inconsistencies are in the fast

using the technique described in the Appendix. neutron fluxes which probably are the result

Table 9 summarizes the calculated flux rates, of some combination of the following factors:

the upper and lower limits on the flux rates, the
integrated exposures for 43 days, and the ex-

trapolated exposures for one year.

D. COMPARISON OF Al AND LMSC DATA

Both Lockheed Missiles and Space Company
(LMSC) and Atomics International monitored
the fast neutron and gamma fluxes near the
SNAP 10A-Agena interface.

The Al gamma detector consisted of a 347 stain-
les s steel walled ionization chamber backfilled
with three atmospheres of nitrogen mated to a
single-decade linear output signal conditioner.
The LMSC gamma detectors employed a Bragg-
Gray aluminum-walled carbon-dioxide-filled
ionization chamber mated to a three-decade
logarithmic output signal conditioner.

The LMSC fast neutron (>0.65 Mev) detectors
utilized a cadmium-covered neptunium 237 fis-
sion chamber mated to a three-decade loga-
rithmic output signal conditioner.

Figure 20 shows the fast neutron and gamma
fluxes measured near the interface by Al and
LMSC. Generally, good agreement exists con-

sidering the differences in the hardware used.

1) The dependence of the Al solid state

detectors on neutron spectrum is unknown.

2) The main contributions to the fast
neutron fluxes in the instrument compart-
ment are direct penetration of the shield
(hard spectrum) and scatter from the con-
trol drum projections and the converter
(fission spectrum). It is expected that neu-

tron spectra as well as neutron fluxes vary

across the instrument compartment.

3) Neptunium 237 chambers are ex-
tremely sensitive to high-energy neutrons
(>6 Mev) where the fission cross section
increases rapidly with neutron energy.”™ *
They are also sensitive to gammas due to
photofissions and to thermal neutrons due
to the high impurity content of plutonium
and uranium in neptunium.During
lithium hydride shielding experiments at
Al, neptunium 237 chambers consistently
indicated a higher flux than Hurst cham-

bers of the same geometry in the same
location.™
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Figure 20. Measured Fast Neutron and Gamma Fluxes
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VIII.

A. CONCLUSIONS

During development, it was proven by test
that the detector response to fast neutrons is
reasonably predictable and repeatable. The
tests also proved that the response is relatively
independent of flux rate, operating temperature,
and initial transistor gain. Unfortunately, the
first generation detectors were extremely
gamma sensitive which decreased their accu-
racy and required an awkward method of data

reduction to interpret the data.

B. RECOMMENDATIONS

For future testing the following recommen-

dations are made:

1) Consider using a silicon diode as a
sensor if it can be proven that they are in-
sensitive to gammas. Preliminary fast
neutron irradiation tests of silicon diode
fast neutron detectors made by Phylatron
indicated a high degree of repeatability. In
addition, higher sensitivity without sacri-
ficing predictability and repeatability appears
feasible. The higher sensitivity is desirable
since the trend seems to be toward lower
radiation levels at the payload. One poten-
tial problem is that the diode temperature

coefficient varies during irradiation.

2) For a transistor sensor, replace the

Texas Instrument 2N697 transistor with a

CONCLUSIONS AND RECOMMENDATIONS

transistor less sensitive to gammas. Pre-
liminary tests in a Co”™ source indicate
that the Fairchild 2N1613 may satisfy the

requirement.

3) For a transistor sensor, the present
constant-base current circuit should be
changed to a constant-collector current cir-
cuit. Transistor current gain is a relatively
strong function of collector current. A de-
crease in collector current results in a de-
crease in current gain. In the common
emitter circuit used, the collector current
decreases from 4.7 ma to 0 during irradia-
tion. Degradation of gain during irradiation
is compounded since a decrease in gain due
to irradiation decreases the collector cur-

rent which further decreases the gain.

The current-gain collector-current (h*.”. " Ic)
relationship varies among similar nonirradiated
transistors. A much greater variation is noted
for irradiated transistors with a strong depen-
dence on the type of radiation. Gammas distort
this hp.”, - Ic relationship considerably. Fig-
ure 21 shows the average h_,, - I character-
istics for similar transistors, nonirradiated,
neutron irradiated, and gamma irradiated.
Using a constant-current circuit will eliminate
most of the variations noted in Figure 21 and
probably improve the predictability and repeat-
ability of transistor degradation in a radiation

environm ent.
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Figure 21. Current-Gain Collector-Current Characteristics
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APPENDIX
DETECTOR DATA ANALYSIS TECHNIQUES

The need for a method of evaluating the
detector data became apparent as testing was
performed at the calculated neutron-gamma
ratios of the SNAP 10A instrument compart-
ment environments (21&(106 to 3 x 10T n/rad).
The gamma contribution to the transistor deg-
radation becomes significant at some point
between the test conducted at 1.5 x 10g n/rad
and the test conducted at 8§ x 10 n/rad and
necessitates the utilization of a technique to
separate the gamma damage from the neutron
damage. The gamma susceptibility of the tran-
sistors is not characteristic or predictable;
therefore, conventional means are not possible.
The technique employed herein ignores the ef-
fects of the neutron hardening which occurs in
traversing several inches of water(10) such as
was the case during the in-pool test program at
STIR. This may be an assumption with serious
shortcomings, since the energy threshold and
energy dependence of the 2N697 has not been
established experimentally. The technique dis-
cussed herein was employed to interpret the
FS-4 data with the realization of the limitations

of the analysis.

The basis for the analysis is predicated on
the assumption that at a neutron-gamma ratio
of 1 x 107 n/rad the gamma radiation contribu-
tion to the transistor degradation is zero. This
appears to be a valid assumption according to
the test results at 1.5 x 10g n/rad where the
gamma contribution was found to be insignifi-
cant. The gamma contribution during the ir-
radiation of eight transistors at STIR at8 x 10"
was determined by expanding the response curve
between 12- to 18-mv detector output. The re-
sponse curves in this range appear to be exhib-
iting "a more uniform degradation rate although

there is considerable scatter in the data result-

ing from the initial difference in the semicon-

ductor susceptibility to gammas.. The increased
degradation observed during this irradiation
was then compared to the reference calibration
performed at 1.5 x 10g n/rad by normalizing
the data of the eight transistors at 2 x 10 12 nvt
to 13 mv (Figure 22). The average calibration
curve obtained at 1.5 x 10g n/rad was graphed
from 12 to 18 mv as was the normalized data
for seven tranmnsistors irradiated at 8§ x 10° n/rad.
The arithmetic mean value response of the nor-
malized data for the seven transistors was cal-
culated and this curve plotted to permit com-
parison with the reference response (Figure 23).
The mean value of the normalized data repre-
sents an increase in degradation of 37% which
corresponds to the best single determination of
the gamma contribution for the inconsistent

slope of the curve.

The uncertainty in the increased degradation
attributable to the gamma radiation was deter-
mined from the scatter in the irradiation data
(Figure 17) in the region under analysis to be
+25% of the mean normalized value. The un-
certainty assigned to the STIR calibration av-
erage curve was determined likewise from the
composite graph of the six detectors (Figure 12)
to be £15%. The values of uncertainty repre-
sent the worst case approximations to deter-

mine the upper and lower limits of flux rates.

The basis for gamma corrections has now
been established which will permit the gamma
contribution to be determined at neutron-gamma
ratios between the test conditions of 8 x 10° and
1.5 x 10g n/rad. The gamma contribution at
1.5 x 10g n/rad is approximated initially by
direct proportionality of the n/rad ratios at the

two test conditions, as follows:

8 x 106 n/rad =

1.5 x 10 n/rad
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Figure 23. Average Normalized Data
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The gamma contribution at 1.5 x 10

0.053 - 0.02.

= (0.37) x
This 2% gamma contribution
approximation which existed at the reference
data condition may now be added to the 37%

determination at 8 x 10 n/rad resulting in a

total of "40% degradation increase. A relation-
ship of the corrected degradation of the transis-
tor to the fast neutron flux is expressed in the

following formula:

corrected nvt (T) =1 - BI
where

indicated nvt based on the calibration
curve at STIR at 1.5 x 10" n/rad,

% gamma damage contribution on cali-

bration at various n/rad.

The B value is determined by rationalizing
that if the n/rad is increased by a factor of two,
then the gamma factor will be reduced by one-
half. That is to say, if the gamma damage (b)
is 40 parts of the total at 8§ x 10* then at
1.6 x 10 n/rad, the gamma factor will be only
20 parts.

b at 8 x 10 n/rad = 40; this leaves 60 attrib-

utable to neutron damage and B = 40%,
then b_at 1.6 x 10~ = 20.

Assuming the neutron damage is still 60 parts;

20

B =60 +b "60+20

25%

and

T =1- 0.251 at 1.6 x 10

This technique was applied for determining the
B at neutron-gamma ratios (n/rad) from Ix 10
to 1 x 10 However, it should be pointed out
thatbelow 8 x 10 n/rad this method is extremely
questionable. This is due to the fact that be-
tween the two test conditions (8 x 10 and

1.5 x 10* n/rad) the response data become

meaningless, and the predominant gamma dam-
age results in completely unpredictable tran-

sistor characteristics.

The data analysis technique is then used on
the FS-4 system where the data indicate a
gamma flux of approximately 650 rad/hr. This
information may then be multiplied by the
neutron-gamma ratio to determine the values
of indicated neutron flux at the arbitrary

neutron-gamma ratios:

I = (m/rad)(rad/sec)
=8 x 10~(650/3600)
= 1.23 x 10 n/cm”-sec
Then
T =1 - BI
T = 1.23 x 106 - (40) (1.23x 106) = 0.74 x 106.

This calculation is performed for several
neutron-gamma ratios and a correction curve
generated which permits the corrected flux to
be determined at the values of indicated flux
defined by the calibration curve at 1.5 x 10g n/
rad for similar detectors. This correction

curve is shown on Figure 24.

The uncertainty band of this correction
curve is determined by calculations based on
the previous values of uncertainty in the ref-

g

erence calibration curve at 1.5 x 10 n/rad and
the normalized data at 8§ x 10" n/rad which was
+15% and +£25% respectively.

T = @+ 0.151) - (B = 0.25B) (I + 0.151)

Simplifying for extreme cases:

Tmin = (I > °©-15I) " U-44617%,
Tmax = (I + ©-15I) - (°-64BI),
T = (1.23 x 106 - 0.184 x 106)
mm
- (1.44 x 0.492),
T . =0.34x 10 n/cm”™-sec,
mm ’
T = 1.10 x 10* n/cm”-sec.
max
This final step has provided a correction curve

for FS-4 indicated neutron fluxes to be made
with the appreciation of the uncertainty of the

corrected values.
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Figure 24. Gamma Correction Curve
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