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ABSTRACT

The performance characteristics have been determined for
two types of general purpose diodes, and for five types of microwave
diodes, in radiation environments equivalent to at least 1000 hours'
exposure to 1010 neutron/cm2-sec and 2x105 Rad/bhour.

None of the units studied showed satisfactory performance
characteristics after this exposure, although the germanium 1N263
point-contact diode was degraded less than others investigated, and
still exhibited measurable properties following the exposure.

Results, although not conclusive, seem to indicate that

energizing the microwave mixers at x-band (9375 Mc) during radiation
is helpful in prolonging the life of the units.
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SEMICONDUCTOR DIODE PERFORMANCE IN
NUCLEAR RADIATION ENVIRONMENTS

I. INTRODUCTION

The increasing use of nuclear energy as a power source,
along with the discovery of a belt of radiation outside the earth's at-
mosphere, require the determination of the degree of function loss to
be experienced by components operating in these environments. This
program was concerned specifically with the performance character-
istics of certain semiconductor diodes being considered for use in
nuclear systems., The effects of steady state nuclear radiation on the
noise figure and conversion loss of five types of microwave diodes, and
on the rectification characteristics of two types of general purpose
diodes, have been determined.

Two separate, long-term reactor exposures were scheduled,
each to consist of at least 1000 hours of exposure at a fast neutron flux
level of 1010 neutron/cm2-sec, or until a significant portion of the
specimen diodes had failed.

Preliminary experiments were conducted prior to the long-
term exposures, using the central exposure port of the reactor. This
port allows access to fast neutron flux levels of 1012 neutron/cm2-sec
and gamma flux levels up to 107 Rad/hour, and was used to determine,
in a relatively short time, the behavior to be expected from the specimens,
instrumentation, cabling and shielding during the longer exposures at the
lower flux levels.

The long-term reactor investigations were conducted in the
reactor thermal column, which has a fast neutron flux level of approxi-
mately 1010 neutrons/cm?2-sec and gamma flux of up to 2x105 Rad /hour.
Integrated flux measurements were made on each individual diode specimen
under investigation.

This report presents the results and discussion of the pre-
liminary and full-scale investigations of diode performance. Details
regarding the design and construction of instrumentation, reactor
shielding problems, and dosimetry are appended.

Manuscript released by the authors 21 February 1962 for publication
as an ASD Technical Documentary Report.
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II. GENERAL PURPOSE DIODES

A. Sample Selection and Handling

Two types of general purpose diodes were included in this in-
vestigation. These are the 1N464 (Silicon junction) and the 1N127
(Germanium point-contact). A total of forty diodes constituted the sample
taken for the general purpose diodes in the full-scale reactor run, Each
type was obtained from two manufacturers. The 1N127 diodes were ob-
tained from Mfg. A and Mifg. B, while the 1N464 diodes were supplied by
Mifg. B and Mfg. C. These diodes were further subdivided into equal
groups of dynamic and static specimenas.

The dynamic specimens were operated continuously under an
electrical load during irradiation. Rated voltage for the 1N127 was used
for both types, but each type was made to pass its own rated forward
current. The dynamic diodes were monitored periodically, with measure-
ments of forward voltage drop and reverse current taken at selected
intervals. The dynamic voltampere characteristics were displayed and
photographed at less frequent intervals, as determined by changes in
forward and reverse characteristics. The static group was energized
only during measurements. Temperatures were monitored periodically
by thermocouples placed in selected locations,

In establishing load conditions for the general purpose diodes,
there were two general approaches which could haye been taken. One
approach would have been to establish the correct value of forward current
in the diode inifially, and then periodically monitor forward current and
adjust the load resistor to compensate for changes occurring in the diode.
The other approach would have been to establish the correct value of forward
current with an initial adjustment of the load resistor, with this value of
load resistance remaining fixed throughout the test. The concept of a fixed
value of load resistance throughout the test simulates actual operation of
the diode in a typical circuit more accurately, and allows greatly reduced
monitoring, adjusting and switching operations. For these reasons, this
latter approach is more suitable and is the one which was taken in the full-
scale investigations on this program. However, during actual measure-
ment of forward and reverse characteristics, rated forward current was
maintained in the diodes to establish a firm basis for comparison of
properties.

B, Preliminary Experiments

The forward voltage drop and reverse current were measured for
five specimens of each of the two types of general purpose diodes under
consideration {1N464 Silicon and I1N127 Germanium). These specimens
were then subjected to combined fast neutron and gamma radiation which
was approximately equivalent to a 1500 hour exposure at 1010 neutron/cm?2-
sec. The length of this exposure was inadvertent, but the forward and
reverse characteristics were again determined following the rddiation
exposure. All of the germanium specimens (1N127) were destroyed with
respect to their characteristics as rectifiers, The pilicon specimens
{1N464) continued to show different forward and reverse characteristics;



however, the forward resistance increased three orders of magnitude and
the reverse resistance decreased one to two orders of magnitude. These
changes were quite uniform for all five specimens of each type. Table 1
summarizes data from these diodes.

Because the data obtained from this first preliminary experiment
was somewhat inconclusive, another experiment was conducted in the central
exposure port with four specimens of each of the two types of general purpose
diodes. Specimen diodes from three manufacturers were used, Four of
these diodes were energized with rated forward current during radiation
exposure, while the remaining four were energized only during measure-
ments. Allocation and identification were as shown in Table 2. Measure-
ments were made of the average forward voltage drop and the average
reverse current, In addition, cable insulation resistance and ambient
temperature were monitored during exposure, and measurements were
made to determine whether these parameters were affecting measurements.
Cable insulation resistance was stable at 3000 megohms during reactor
operation, and the temperature at no time exceeded the ambient operating
temperature for either of these diode types. Results of the measurements
of diode parameters are listed in Tables 3 and 4.

Some observations are possible on the basis of these preliminary
measurements, For instance, all of the 1N127 germanium diodes failed
when total exposure was less than 2x1012 nvt; failure was evidenced by the
diodes' exhibiting the same values for forward and reverse current.
Relatively little change was shown in the forward voltage drop for these
diodes, The silicon diodes also showed deterioration in the reverse
characteristic; however, failure occurred for those diodes from only one
manufacturer (Mfg. B) at the end of a total exposure of 3.6x1014 nvt.
Those silicon diodes from the second manufacturer éMfg. C) had not failed
completely at the end of a total exposure of 1. 4x1015 nvt. However, the
reverse current had increased by three orders of magnitude. In all
instances for the silicon diodes, the forward voltage drop had increased
from four to eight times the initial values. These findings are in general
agreement with the results reported in the literature. (Roferences 4, 9,
and 21) However, one point should be emphasized here. The values for
nvt in this report are based upon the measurements of flux above the level
of 1.8 Mev. Dosimetry has shown that the assumption of a fission spectrum
is not valid (Appendix C) and that calculation of nvt above 0.5 Mey in-
volves a multiplier which can vary from 5. 3, based on the data in Figure
C-5, to a value of 7.2, if the provisional data on ""damaging flux" is
considered. For this reason, data is reported as "nvt for § > 1.8 Mev, "
with the value above 0.5 Mev calculable with an appropriate multiplier.

Again with regard to the diodes, there was some evidence of
partial recovery in the reverse characteristics when measured one hour
after removal from the high flux area for the dynamic 1N464 from Mifg. C.
Reverse current decreased from 900 microamperes to 350 microamperes
in one hour., However, the reverse current increased with one-hour cooling
of the static Mfg. C 1N464, but decreased after 20 hours of cooling following
subsequent exposures. Although based on results of only two diodes, this
tends to support the idea that diodes which are energized during irradiation
will have a longer operating life.
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Table 2
General Purpose Diode ldentification

Dynamic Diodes

1 Mfg. A 1N127
2 Mfg. B 1N127
3 Mfg. C 1N464
4 Mig. B 1N464

5 Mig., A IN127
6 Mfg. B 1N127
7 Mig. C 1N464
8 Mig. B 1N464

Dynamic diodes are continuously
energized during radiation exposure.
Rated forward current is set in

each diode. (30MA-1N127, 40 MA-
1N464). Static diodes are energized
only during measurement,
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Measurements made in the central exposure port, while informa-
tive, do not accurately establish failure times for the dicdes to be operated
in the thermal column. The gamma dose rate is two orders of magnitude
higher in the central exposure port, and may have been an important factor
in degrading some of the general purpose diodes to failure in a rather short
time. However, these measurements did result in relative information which
was useful in establishing ranges of parameter changes and the manner in
whick deterioration occurs.

C. Thermal Column Experiments

The grouping of diodes shown in Table 2 was retained for the
first scheduled full-scale reactor run. However, the number of diodes in
each group was increased to five. Measurements of forward voltage drop,
reverse current, and dynamic display characteristics were made initially
and at subsequent selected intervals during reactor exposure. Figuresl
and 2 show characteristics of the 1N127 germanium point-contact diodes
plotted versus integrated flux. Each point represents an average of
measured values obtained for the five static or five dynamic specimens,
as the case may be. Obviously, failure in the reverse characteristic
wasg quite rapid for these specimens. The temperature was monitored at
five different points on the dicde mounting assembly. At no time did the
temperature exceed 45*C, even for those thermocouples in direct contact
with the diode case.

Figures 3 and 4 show similar data accumulated for the 1N464
silicon junction diodes. Figure 3 shows the increases occurring in forward
voltage drop, but the changes in reverse current shown in Figure 4 illustrate
more strikingly the differences in performance. As may be seen, those
diodes which were energized during exposure did not deteriorate as rapidly
as those which were not energized. In addition, the diodes of Mfg. C were
superior in performance to others investigated. But even these had
drastically reduced rectification ratics following radiation exposures,

These results follow quite closely the pattern of results reported
in the literature. Behrens and Shaull, (Ref. 4), although investigating only
statically irradiated specimens, report failure in germanium point-contact
diodes in the reverse characteristic to occur at about 1012 nvt. Silicon
junction diodes failed next at about 5x1012 nyt. Their results show, as do
the results obtained in this investigation, that the integrated dose is of
more significance than the dose rate, and that neutron-inflicted damage is
quite permanent.

Figures 5 and 6 illustrate the initial dynamic characteristics of
the general purpose diodes. Since both the 1N127 and 1N464 characteristics
were photographed using identical gain settings, the superiority in character-
istic of the 1N464 is evident. Figures 7 and 8 show the same diodes after
being irradiated. However, it was necessary to use reduced gain settings
to contain the pattern on the oscilloscope screen. The greater magnitude
of failure in the reverse direction is evident, together with the overall loss
in rectification properties.



S300I10 WNINVWY39 L2INI— 04O IOVLITIOA QHVMHOL TE

ABW B < ¢ HO4 M
m-on T_O_ n_o_ N—O_ __O— 0_0d mow O

169L9S # & @ 168L9S ¥ E 2 I66L9S ¥+ € 2 1-1-FR-K- 18 8 S 1 1568L9S ¥+ £ 2 igglos P e 2 | ; o

I (Vv-OsW) SIWWYNAG [i]] | I.ﬁ N I A
» Dlt -ll]b—l —— | St — S— ll_l:r_‘ﬂ_'_l_‘l— — ; Tt Lﬂl_\ I Jay ey —
“a1M) U—ﬁﬁZl.Mm Ly =t =T - _w .,ll \\
S T —A T
. 211Vl
I..IIL_._\ .\Ml..l (V 94W) X
.‘ll..ﬂ\
m ’q !
Vi A
Litte T8 04w} O11V1S )
Q\\.\\\

o'v

Qs

0'e

S1T0A ‘39V110A QHYMNOS



S3A0IQ ANINVINNID L2INl— LN3H¥ND 3ASH3IA3IY &€ 914
AW Bl < $ HO4 M
ol oo o0 20! e o O JOrxz 0
(21 F% B 2 T 169L 9SS ¥ £ z IseL9C ¢ £ 2 1889 6 ¥ £ 4 IGRLS § ¢ € 2 168L 9 S F ¢ 2 I6BL9 &S » £ F4 elo_ o_
am T ! _ ﬁ -
| n | 3
I — ~
V | BN )
i H | s
— CT i i - —
anm . — ! : Z
Wnﬂ_ﬂ So— i O:.dkm : m
! ] _ DINYNAD | _
L \\ FSTWUNAD UA
L ; z
| H § 1 _ﬁ.‘ \\ .
v " )
» ¥
T d # M
/- !
o | m \ 2NN ,
LZ2INI ¥ 94N ! \ L
v w 1 — €
4 . ,_ “
22INI @ 93N - : s
o - | "
H
] _ ! ¢
R
4 ¥, | z
“
i €
- v
ﬁ s
k-]
- 4
: ]
ﬁ H

[#]]

ol

Ol

(o]}

‘INTHYND 3SHIATH

S3IHIJNY

10



$30010 NOJITS £9vNI— dOYQ IOVLIIOA JYVMY04 € 'OId

ABW 81 < P HOJ AU
0l :O* O_O_ OO_ 0
6aL9S v € 2 6BLI G ¥ £ Z E8L3S ¥ € Z 1 ; [+]

ol
169096 ¥ § 2

D_Q !Q_

sBLos ¥ &£ 2 6¢L9S ¥ € T

£} 2l

11

S170A “39VLI0A CGHYMHOA



$300!10 NODITS #9PNI— LNIYHND ISHIAIY + '9d

AB Bt < P HOS AU

N ~Rphk-0 v ¢+ = ~N

—tho=@ N ¢ ™M

o

ol oo o 20! 110! a®! el OIx2 0
1e9L9 % ¥ £ 2 1eRi9e ¥ £ 2 1s8isE Y € 2 1s0i95 v § 2 160096 » € 2 188295 » £ 2 15RLBE ¥ £ nellw
. il
: Y - <
I e of 1
B = i
nes ey’ |
e
\\_ ] .\\H\ 4
o dl 4 \f‘ !
A = 1T T
i3 L _
,144' - !
VAV : =
\ XJ‘ w X\.uU/ — L \i‘\ \ H i
1! : e Pat |t \\J\ e L SN
A \ Lf ol gur ! \h
N | [~ A |4 :
L e f
P \\\\ : \\\\
s \\\ : oz \&ﬂw [ - -
s t I &S
- I )
\ L \T ‘T\\ L\\ | “
o A
b \\\\ P B
] AN ! 7 ,
/ ; : _,
o s I
. A
x PSPNI D 'D4W *
|\ v
0
+9vNI 8 9dN
o]

-0 P T

Gl

(o]

e

SIHIJWY “INIYHND ISHIAIY

i2



FIG.5 DYNAMIC CHARACTERISTICS
INI27 DIODES
STATIC AND DYNAMIC GROUPS
INITIAL. MEASUREMENTS
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FIG. 6

DYNAMIC CHARACTERISTICS
IN464 DIODES
STATIC AND DYNAMIC GROUPS
INITIAL MEASUREMENTS
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III. MICROWAYVE DIODES
A. Sample Selection and Handling

Six types of microwave diodes were designated for investigation,
wita these particular diode types available from three manufacturers.
However, the number of types was reduced to five in Supplemental Agree-
ment No. 1 (61-2019). With this as a guide, sample procurement was
allotted in the following manner:

1N25 and 1N23B Mfg. D
IN21WE and IN23WE Mfg. E
1N263 Mig, F

Two separate reactor runs were scheduled into the program.
There were totals of forty microwave diodes in the first reactor run and
twenty-four microwave diodes in the second run, Those used in the first
run were divided into equal groups of dynamic and static diodes. The second
run was made up of six dynamic and eighteen static diodes, For the first
run, there were four dicdes in each group, designed to operate at 1 kmc
(1N25); four were those designed for 3 kmc (1N21WE); and twelve were
those designed for 10 kmc (1N23B, 1N23WE, and 1N263).

Of the dynamic specimens, six of the 10 kmc diodes (two each
of IN23B, 1N23WE and 1N263) were supplied with r.f. energy during
radiation exposure on both of the reactor runs. The remaining fourteen
dynamic diodes in the first run were energized with 60 cps current during
radiation. All of the microwave diodes were measured initially for noise
figure and conversion loss, using r.f. techniques., In addition, those
energized by 60 cps current, and the static group, were measured initially
(noise figure and conversion loss) using a d-c crystal test set., To minimize
handling problems, the static group and those energized by 60 cps current
were monitored using the d-c crystal test set without removing the diodes
from the reactor. The r.{. powered diocdes were measured using r.f{f.
techniques only, while the 60 cps diodes were measured initially and finally
using r.f. techniques and monitored with d-c¢. The static diodes were
measured initially with r.f. and d-c¢ and monitored with d-c.

This program had available to it a total of only ten gallium
arsenide diodes (1N3096R). Initially, each of the two full-scale reactor
runs was to make use of eight diodes of each type, so it was obvious
that the gallium arsenide diodes could be tested only in one run., Therefore
it was planned to defer investigation of the gallium arsenide diodes until
the second reactor run, in order to take advantage of results derived from
the first run and any subsequent preliminary experiments. However, in
attempting to measure the gallium arsenide samples, it was found that
degradation had taken place during normal storage, so it was not possible
to include these samples in the reactor schedule. These were subsequently
removed from consideration in the Supplemental Agreement.

B. Preliminary Experiments

Prior to the first full-scale reactor run, preliminary experiments
were also conducted in the central exposure port with two specimens of each
of three types of microwave diodes: the 1N23B, 1N25, and 1N263. Measure-
ments were made using a d-c incremental test set, as well as measurements
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of forward and reverse resistance. Standard 300 ohm, polyethylene-insulated
twin-lead was used to obtain connection to the diodes. In addition, an un-
connected line was inserted in the reactor with the diodes, and its insulation
resistance was monitored to determine whether degradation affected measure-
ments.

Noise figure and conversion loss were obtained using the measured
values and calibration curves supplied with the d-c test set. These data are
shown in Table 5. Data obtained from measurements of forward and reverse
resistance are shown in Table 6, It was also found that the decrease in
insulation resistance of the twin lead was insignificant compared to diode
deterioration.

The data in Table 5 and 6 formed the basis for an assumption
that it was possible for at least some of the diodes to survive a 1000-hour
exposure at a flux level of 1010 n/cm2-gec, although all had exceeded
specification requirements after the tabluated exposure. Remeasurement
after approximately 28 days with no subsequent exposure did not indicate
substantial improvement in these characteristics,

C. Thermal Column Experiments

Microwave diodes which were exposed to radiation during the
first full scale reactor run were mounted as indicated in Figure C-8,
Appendix C. The twenty diodes represented in the side view of the side
panel are the static microwave diodes. Diode numbers 8 through 20
located above the mixer mounts were the dynamic microwave diodes
energized with 60 cps current.

The static and 60 c¢ps dynamic diodes failed quite rapidly and, in
many ingtances, suddenly, during exposure in the first reactor run. Also
it was found that the changes were of such magnitude that they could not
be monitored with the d-c incremental test set during radiation. For these
reasons, further reactor exposure was halted, pending redirection of effort,
and measurements were made of those diodes still exhibiting measurable
properties. These measurements were made external to the reactor, using
L-Band, §-Band, and X-Band power to energize the appropriate diodes.

The following is a summary of diode condition following an exposure of
approximately 1014 nvt for ¢ > 1.8 Mev:

1. All 1N25 (L-Band) diodes seriously degraded. Overall noise
figures were greater than 19 db and could not be measured accurately.
Conversion losses ranged up to 25 db, with no observable difference in static
and dynamic units.

2. All 1N21 WE (S-Band) diocdes also seriously degraded. Over-
all noise figures ranged from 11 to 24 db, with conversion losses ranging
from 11 to 12 db.

3. The 1N23B and I1N23WE (X-Band) units were less affected in
the conversion loss characteristic than were the L. and S-Band units.
Conversion loss in these diodes ranged from 7-12 db. Overall noise
figures ranged from 16. 4 to 25 db.

18
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4. The 1N263 (X-Band) units showed considerably less change
due to radiation than any of the other diodes. Conversion loss ranged from
5 to 11 db, while overall noise figures ranged from 7.9 to 15 db.

5. The diodes being energized with X-Band power during radiation
showed less degradation in general. For example, the 1N263 units showed
a conversion loss of less than 6.db; IN23WE, a conversion loss of about 4 db;
1N23B, a conversion loss of 4.8 to 5.4 db. Noise figures were also similarly
reduced.

The foregoing information prompted a redirection of effort which
was agreed upon in consultation with the program monitor. No further
consideration was to be given to the general purpose, the L and S5-Band,
nor to the static or 60 cps dynamic 1N23B or I1N23WE diodes that had
already been exposed. The diodes being operated in the X-Band holders
and energized during radiation would be continued in the second reactor run,
together with the other six 1N263 units from the first run. Six new units each
of 1N23B and IN23WE dicdes would also be included in the second run. Thus,
the second reactor run was to be comprised of six diodes energized during
irradiation in the X-Band holders, and 18 diodes statically irradiated. The
mountings were essentially the same as for the first run. (See Figure C-8).

Radiation exposures were scheduled for short intervals at the
start of the schedule, with intervals to increase if little change in character-
istics was observed. The static diodes were removed after every interval
and measured, using X-Band power in a waveguide holder external to the
reactor.

The following sections, then, will be concerned with the results
and discussion of microwave diodes studied during the second reactor run.

1. Conversion Loss (Static Diodes)

The data shown in Figures 9, 10, and 11 represents results of
measurements made on diodes after they had been subjected to successive
periods of radiation exposure at a flux level of approximately 1010 neutrons/
cm2-gec. It is apparent, in comparing the results of the 1N23B (Figure 9)
with those of the IN23WE (Figure 10), that the 1IN23WE units were more stable
in operation during radiation exposure. Four of the six I1N23WE did not fail
catastrophically until after an exposure of 1015 nvt, while the 1N23B units
all exhibited erratic behavior. In further comparison with the 1N263 units
(Figure 11), it may be seen that none of the 1N263 units failed catastrophically
due to radiation. The two units which did fail did so due to mechanical
breakage during handling after exposure. Apparently, the glass envelope
is embrittled during radiation exposure, and the exposed units must be
handled with extreme care.

At this point, it is perhaps opportune to examine some of the basic
properties of the semiconductor which contribute directly to conversion
loss. The microwave dicdes being considered are all point-contact diodes,
so each may be represented by a simple equivalent circuit,
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Y
—— A MAMW————
C
=
1
where: R = barrier resistance

C = barrier capacitance

r = spreading resistance

It has been shown {Ref., 11) that the barrier resistance limits the lowest
conversgion loss, and that the spreading resistance and barrier capacitance
increase the conversion loss above that caused by the barrier resistance
alone. The barrier resistance is a non-linear function of applied voltage;
the spreading resistance is essentially constant (if conductivity modulation
in the forward direction is neglected); and the barrier capacitance varies
approximately as the square root of the applied voltage. This linve stigation
is further limited to a mixer application at X-Band, so that S <<R in the
reverse direction, and the spreading resistance, r, dominates R in the
forward direction. In the design of diodes for mixer applications, the
voltage dependence of C is generally neglected, and a dimensionless figure
of merit, M= 1/w rC, is evolved. Conversion loss then reaches its
minimum at an optimum figure of merit, determined effectively by

r=éa- (1)

for a circular contact of radius, a, where ¢ is defined as the conductivity.
The spreading resistance may further be expressed by

1
= mn/“ {2)
where n is the number of charge carriers, e is the electronic charge, and
is the charge carrier mobility., Thus, the majority carrier concentrationn
is the only independent variable adjustable at will. Optimum majority carrier
concentrations of about 1018/cm3, in germanium, and of about 5x1018 /cm3,
in silicon, have been determined and are in common usage. Further, a
standard radius "a'', equal to about 4x10-4 ¢cm, has been determined ag the
best compromise for mechanical stability, burnout, and an improved noise
figure at X-Band, This radius produces spreading resistances of from 3
to 20 chms for germanium, and of from 15 to 75 ohms for silicon. In general,
the lower conversion losses in germanium devices are due to the lower
spreading resistance. Mixer crystals are also highly doped, so that the
spreading resistance is essentially constant over the range of from -0.5
to +0.5 volts. This heavy doping retards conversion of n-type germanium
to p-type (Ref. 1), and may be another reason for the general superiority
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of germanium mixer diodes, since silicon does not experience this preferential
conversion.

It has further been found (Ref. 15), that structures which minimize
minority carrier storage give minimum conversion loes under matched
conditions in converting a high frequency to a low frequency (mixer action).
This storage is minimized by a "'variable resistor’ action which is favored
by recombination. However, sufficient amounts of injected carriers can
swamp the recombination centers so that recombination fails when most
needed. The "variable-resistor" action may be approached in point-contact
designs by making the point small enough that minority carriers which have
been stored for an appreciable time, compared to the frequency involved, have
little chance of diffusing back to the contact. The 'variable-resistor' action
at X-Band requires a contact whose radius is approximately 2x10-5 cm.
Thus the typical contact radius is too large to achieve the variable resistor
action. However, the reduced mechanical strength may have to be accepted
to achieve increased radiation resistance.

2. Overall Noise Figure (Static Diodes)

In general, a very low resistivity is needed in both germanium and
silicon to achieve low noise-figure diodes. Although both the spreading
resistance and the barrier resistance generate noise, it has been found that
the reverse resistance, and hence the barrier resistance, correlates with
noise figure. (Ref. 2) Evidence of this is also found in examining the data
shown in Figures 12 and 13. In all of the 1N23 geries units, failure was
evidenced first by an excessive noise figure. This is followed by a sharp
decrease in rectified output current. Each diode was calibrated before
radiation by recording the rectified output current for one milliwatt of
input power. When these characteristic sharp decreases took place, the
rectified output current was reduced to about twenty-five percent of its
initial value. No reduction in current was apparent until this point. Following
this decrease in output current, the conversion loss usually, but not always,
increased greatly. Thuvs in most instances the total failure point is well
defined. However, gradual degradations occurring before this total failure
made several of the units only marginally useful. It is significant that
again the IN23WE units showed quite stable operation up to the total failure
point, while the 1N23 B units were erratic in noise figure as well as in
conversion loss, Gradual degradation was more apparent in the noise
figure for the 1N23WE than in the conversion loss.

As was the case in the conversion loss characteristic, all of the
1N263 units exhibited measurable noise figure characteristics (Figure 14)
throughout their radiation exposure, even though all had considerably ex-
ceeded the military specification acceptance levels for post environmental
exposure. All changes in static diode properties were irreversible with
respect to a twenty day-period of room-temperature annealing.

3. Dynamic Diode Performance

The data presented in Figures 15 through 20 is the result of
measurements of six diodes which were energized continuously with X-Band
power (9375 MC) during their exposure to radiation. These diodes remained
in the crystal holders in the reactor throughout their entire exposure. It
may be seen that these units followed the general pattern of behavior of the
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static specimens, in that the IN263 germanium diodes survived longer ex-
posure than did the silicon diodes and did not fail catastrophically.

One of the 1N23B dynamic units failed quite rapidly, and one of
the IN23WE units also failed shortly thereafter. The I1N23WE unit suffered
gradual degradation in its noise figure characteristic, but the 1N23B failed
after the initial exposure. The two 1N263 units remained measurable
throughout an exposure which would be in excess of an equivalent of 1000
hours' operation at a flux level of 1010 n/cm2-sec even if "damaging flux"
(see Appendix C) were not considered. A twenty-day anneal at room
temperature produced only slight reductions in noise figure and conversion
loss, and these values are still in excess of specification acceptance re-
quirements. Nevertheless, these units show more promise for usefulness
in a radiation atmosphere than others investigated.

1V CONCLUSIONS AND RECOMMENDATIONS

This investigation has again emphasized the fact that semi-
conductor devices cannot be selected for operation in nuclear environments
solely on the basis of electrical characteristics. It is apparent that
manufacturing methods and techniques are paramount in importance, and
that uncontrolled items, such as the application of forming current for
attaching the point contact to germanium, and the mechanical "tapping'' to
adjust the point contact to silicon, might well bear claser scrutiny.

None of the units investigated exhibited satisfactory perfcrmance
following an exposure equivalent to 1000 hours at a flux level of 1010
neutrons /cmé-sec. However, the germanium point-contact 1N263 diode did
8till exhibit measurable properties following this exposure. Damage in all
instances was found to be quite permanent.

Several recommendations for possible improvement are apparent.
With regard to point-contact devices in general, the geometrical precision
might be increased through the use of surface barrier techniques. Further,
the employment of advanced diffusion (Ref, 19), or micro-alloying techniques
may be desirable.

It is possible that the smaller diameter point-contacts of the 10 kmc
diodes added some measure of radiation tolerance. This is due to the re-
duction in minority carrier diffusion with smaller diameter contacts. Further
reduction in contact diameters, would however, result in seriously decreased
mechanical strength.

The heavy doping of the n-type germanium in commercially available
diodes retards conversion of the material from n-type to p-type during
radiation. This may be another reason for the better performance of the
germanium mixer diodes since silicon does not exhibit this preferential
conversion. It is therefore felt that p-type germanium should be investigated
more thoroughly, since the minority carrier lifetime in this material is less
affected by radiation. (Ref. 5) Some means have been found for increasing
radiation tolerance. For example, reduction in base width by a factor of ten
has increased radiation tolerance by 100. The diffused structure assists
minority carrier transport giving markedly improved radiation behavior.
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Varnish-coating the surface of a diffused pellet also resulted in improved
performance during radiation exposure. These positive results should form
a basis for implementation of the other aforementioned recommendations,
with the assurance that more radiation-resistant units will be achievable.
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APPENDIX A
GENERAL PURPOSE DIODE INSTRUMENTATION

Design of the measurements circuitry was approached with two main
objectives: reduction of the number of display photographs by obtaining
one continuous display of both forward and reverse characteristics; and a
means for operating all the diodes, with one lead of each diode being a
common ground connection. This was desirable to reduce the number of
leads entering the reactor port, with a consequent reduction of shielding
and switching complexity.

Figure A-1 shows a simplified diagram of the circuit which was used
for obtaining meter measurements of forward current, reverse current
and forward voltage drop for the general purpose test diodes. Meters
accurate to at least 40.5 percent were used for all measurements. This
applies to the following discussion of each of the measured quantities.

The forward voltage drop is defined as the drop across the dicde
during its conducting half cycle, averaged over the full cycle. With the
correct value of a-c voltage applied, the load resistance, R; is adjusted
to give the proper value of forward diode current as indicatela by the d-c
ammeter, A,. The reverse current of the test diode is also passed through
this ammeter, but this current is so small with respect to the forward
current that the accuracy of the forward current setting will not be affected.

When diodes D, and D,, are forward-biased, the forward voltage
drop across D, is indicated’{)y the d-c voltmeter, whose impedance is high
(5000 ohm/vols with respect to the forward resistance of the test diode, DT'
When diodes D, and D,, are reverse-biased, the test diode is shunted by the
d-c voltmeter,  whose impedance is low with respect to the reverse re-
sistance of the test diode. As a result, all of the voltage during reverse
bias will be deyeloped across D], except for a negligible quantity across D
Thus, the forward voltage drop will be averaged over the full cycle by
the d-c voltmeter.

T

Again referring to Figure A-1, the forward voltage drop is measured
when switch 5] is in the closed position, as shown. To measure reverse
current, the switch S) is moved to the left, removing the d-c voltmeter
from the circuit, and inserting the diode D2 and microammeter A across
Dj and A)]. The forward and reverse currents of the test diode are
separated by diodes D, and D,., When D, is forward-biased, D, will be
reverse-biased, so that the forward current is prevented from ﬁowing
through the d-c microammeter A,. This meter indicates the one-cycle
average of the reverse current, hen D, is reverse-biased, D, will be
forward-biased, and the reverse current of the test diode will flow through
the low impedance path of D, and the microammeter A,. Because either
Dl or D, is always forward-biased, except near the zetro voltage points of
the a-c i?'nput waveforms, the voltage drop across the parallel combination
can never be greater than the forward voltage drop of a conducting diode,
assuming the ammeter voltage drops to be negligible.
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The two types of general purpose test diodes under consideration are
the 1N464 silicon junction diode and the 1N127 germanium point contact
diode. The 1N464 has a rated maximum reverse current of 0.5 microamperes
at its rated inverse voltage, while the reverse current of the 1N127 could be
as high as 1.0 milliampere at its rated inverse voltage. D, and D, are both
1N459 silicon junction diodes whose maximum reverse current is d"' 025
microampere at 175 volts inverse, Since leakage current for either D, or
D, is established by the very low forward voltage drop of the other diode,
errors introduced by leakage currents in the diodes are negligible with
respect to test diode reverse current.

In the area very near the zero points of the a-c input voltage wave-~
form, neither dicde will have sufficient voltage impressed across it to bias
the diode into forward conduction. It is therefore very difficult to predict
the pattern of conduction through the two parallel branches. However, since
neither diode is biased to conduction, it is known that the branch currents
must be small, and since the reverse current measurement is averaged
over a full cycle, the averaged effects of these currents during the small
time period near zero are very small and can be neglected.

Figure A-2 shows the circuit established for obtaining a continuous
display of forward and reverse characteristics simultanecusly. The two
1N459 diodes separate forward and reverse currents of the test diode in the
same manner as was discussed for diodes D, and D, in Figure A-1. The for-
ward current of the test diode is measured by determining the voltage drop
across an equivalent resistanceé of approximately 50 chms. The reverse
current is similarly measured across approximately 5000 ohms. Resistors
R, and R, determine the voltage scale factors. Diode D, is selected to
have a hié‘h reverse resistance with respect to R, and a }ow forward re-
sistance with respect to R,. Calibration of the dlynarnic display of the test
diode is effected by photographing, to the same scale factors, the display
of a diode of the same type which has not been subjected to radiation exposure,
In this manner, any changes occurring as a result of radiation damage will
be immediately obvious.

The circuit of Figure A-2 divides the scope face into four quadrants
for display of forward and reverse characteristics. The location of the
(0, 0) point is fixed by the selected values of resistance. As diode character-
ietics change, e.g., increase in reverse current, it is necessary to change
relative gain settings of the horizontal and/or vertical controls to contain
the trace within the full scope face. Because of the fixed distance relation-
ships between forward and reverse regions, there is some limit to the
ability to retain the same relative sensitivity between forward and reverse
characteristics,

Circuit arrangments were also made to operate the dynamic diodes
with load current uninterrupted once the full scale test had begun.
This is accomplished by suitable switching to select one diode for the
measurements circuit while all others remain on load.
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APPENDIX B
MICROWAVE INSTRUMENTATION AND SHIELDING REQUIREMENTS

I. MEASUREMENTS METHODS

The principal criteria of performance of a mixer diode are its
capability as a converter and its noisiness, The factors by which thise
capability is assessed are the conversion loss, the noise temperature and
the overall noise figure. These properties are defined as follows:

available r-{f signal power (3)

Conversion Loss, L= 11 signal power delivered by mixer

_ available noise power %enerated by crystal
¢ noise power available from an equivalent
resistor at 20°C (4)

Overall noise Figure, NF = Lc(tc+ NF, 1)

Crystal noise temperature t

where NFi__f is the noise figure of the i-f amplifier (5)

Although there are many different methods of measuring the
conversion loss and noise figure of microwave diodes, the use of the
modulation method for measuring conversion loss and the Y-factor method
for determining overall noise figure was judged more appropriate for this
program.

The modulation method for measuring conversion loss is a
relative method, and is referred to as Method B in MIL-E1D, paragraph
4.14.3.1. A slight amplitude modulation is placed on the local-oscillator
signal and the mixer is connected to a load having an impedance, Z_, at the
modulation frequency, and a d-c resistance, R., specified for that™Qiode.
The amplitude of the modulation signal voltage = across Z__ is measured,
and that voltage is assumed to be inversely proportional ™ to the square
root of the conversion loss. Several reference diodes were checked to
obtain reasonable standards, and all conversion loss calculations are based
on the assumed conversion losses for those standards,

The Y factor is the ratio of the available noise output, N , of an
i.f. amplifier fed by a crystal mixer, to the available noise power ~ output,
Nos’ when the i.f. amplifier is fed from a standard {dummy) resistor, or
N
Y = 2 (6)

NOB

The Y factor depends on the conductance and noise figure of the
i.f, amplifier and the noise temperature of the mixer diode. The product
tCL is the contribution to the overall noise factor, and is, hence, a direct
confribution to the converter noise figure,
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Thus, the Y-factor can be measured and tc is obtainable from

t, = NF, ( (Y-1) +1 (7)

where NFi £ is the noise figure of the i-f amplifier

The overall noise figure NFO i8 then related to these parameters
by
NF0= Lc(NFi_L + tc- 1) (8)

II. MICROWAVE INSTRUMENTATION

The block diagram of Figure B-1 illustrates the equipment which
was designed and built to energize the X-Band diodes during reactor exposure,
Each r.f.-powered diode in the reactor had its own 2K25 klystron supplying
power to it during exposure. In this manner, it was possible to make in-
dividual adjustments of frequency and power level, as well as bias, on those
diodes requiring it. The 2K25 klystron tube cannot be used as a source for
noise figure measurements because of excessive noise and a relative frequency
instability. However, the 2ZK25 can be used to good advantage as a contin-
uously operating local oscillator for energizing the diodes during reactor
exposure.

The block diagram shown in Figure B-2 is a separate, highly
refined test system which was established to measure noise figure and con-
version loss at X-Band frequencies. This system incorporates an X-13
klystron as the low noise, frequency stable source for supplying power to
each diode as it is being measured while under radiation exposure.

Systems similar to that of Figure B-2 were established for
measuring the diodes designed for "L" and ""S-Band' frequencies. Since
only the X-Band diodes were energized with r.f. continuously, they
were the only diodes which could be measured in place in the reactor.

The static microwave diodes and those dynamics which were
energized at 60 cps were monitored during exposure, using the simple
d-c technique of the crystal test set. This technique measures the non-
linearity of the diode voltage-current curve by measuring the incremental
change in crystal current caused by an incremental change in forward
voltage. The non-linearity is directly related to conversion loss and
noise figure. This technique is incorporated in Airborne Instruments
Laboratory test set Type 391, This test set is versatile enough to
check biased crystals, and, as such, is suitable for these monitoring
measurements.

Figure B-3 is a photograph of the entire instrumentation for
the program, in place near Port I of the reactor, All of the leads and
coaxial cables are brought out of the reactor through Port I. The
general purpose test set labeled in Figure B-3 contains all cf the measure-
ments and switching circuitry for the static and dynamic general purpose
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diodes, as well as the static microwave diodes and the dynamic microwave
diodes which were energized by 60 cps current. The adjacent relay rack
contains the 2K25 Klystrons, mounts, and associated circuitry for adjusting
frequency and output level, The X-Band test set, together with the Automatic
Noise Figure Indicator, is shown on the movable table. Other equipment
shown includes attenuators, power meters, and power supplies for the

2K 25 klystrons and the X-Band test set.

III. SHIELDING AND PHYSICAL ARRANGEMENTS

The diodes, in their shielded enclosure, were located in the area
indicated in Figure B-4. This was done by removing several graphite
stringers from the thermal column area behind the bisrmuth shield and insert-
ing the diode box in their place, The cabling was brought out into the void
volume and connected to the port insert in Port I, which in turn connects to
the external instrumentation.

Aluminum was used wherever possible in the construction of
mechanical mounts for the diodes, and in support structures. Polystyrene
and polyethylene were used as insulation in critical areas, and polyvinyl-
chloride was used as the insulation for all hook-up wire that was exposed to
radiation. PVC was selected for the hook-up wire because it is apparently
the only readily available hook-up wire insulation having good resistance to
radiation exposure.

Figure B-5 illustrates the manner in which cables and wire were
brought out through the reactor port. The cylinder is an aluminum pipe with
aluminum plates at one end to anchor the connectors mechanically. The pipe
is filled with paraffin for radiation absorption, and is inserted directly into
the port, with a short portion protruding slightly into the void space near the
thermal column.

The general purpose diodes and those dynamic microwave diodes
which were energized at low frequency power are mounted on a polystyrene
sheet. This sheet is fastened to a mounting rack constructed of aluminum
angle. The waveguide crystal holders are also mounted in this rack. The
static microwave diodes are mounted on a similar polystyrene sheet which
is fastened to a separate, easily removable drawer. The separate drawer
facilitates removal of the static diode group for purposes of effecting external
microwave measurements. Details of the mounting arrangements of the
crystal holders are shown in Figure B-6. Figure B-7 shows details for the
mounting of the remainder of the dicodes.

‘The diodes, crystal holders, thermocouples and associated cabling
are housed in a box constructed of Boral sheet. This material is 2 combination
of aluminum and boron carbide, containing 35 percent boron carbide. Although
this material is extremely difficult to machine, it was found neceesary to use
this for thermal neutron shielding, in place of cadmium, to reduce hazards of
any required handling. The boral box, together with the diode rack assembly,
{coaxial cables removed} is shown in Figure B-8.
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FIG.B-5 REACTOR PORT CABLING INSERT
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FIG.B-6 WAVEGUIDE DIODE HOLDER MOUNTING
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IV. PRELIMINARY EXPERIMENTS

Prior to determining the final design of instrumentation, it was
necessary to perform some preliminary experiments in the reactor. These
experiments were designed to determine the suitability of the proposed
techniques, as well as the degree of degradation to be expected from materials
and components forming part of the associated circuitry.

Two 30 foot long RG-9A/U cables were inserted in the thermal
column (Port I} of the reactor, where the neutron density (neutrons /emP@-sec
greater than 1.8 Mev) is approximately 1010, A pair of standard connectors
was assembled to the middle of one of the cables, and both cables were
looped so that the connectors, as well as portions of the cable, were exposed
to radiation levels consistent with those to which the diodes were to be exposed.

No changes were observed in the V5WR and insertion loss, nor was
any other sign of deterioration, during two and one-half hours of reactor opera-
tion at 50 kw while measurements were being made with the reactor power on.

To determine the length of trouble-free life of the cables and
connectors, two other cables were inserted in the central exposure port,
Port K. One cable consisted of 40 feet of RG-9A /U polyethylene r.f. cable,
and the other of 15 feet of RG-8A /U polyethylene r.f. cable and 15 feet of
RG-58/U polyethylene i.f. cable. The former was looped through the high
flux area. The latter was also looped so that the standard connectors which
joined the r.f, and i.f. cable were exposed to the high flux area. X-Band
(9. 375 kmo) energy was fed in the RG-9A /U cable and a 30 mc signal in the
RG-8A /U combination.

During approximately the first 10 minutes of operation, the RG-
9A /U cable which was inserted in the central exposure port showed slight
changes of VSWR and insertion loss, failing completely after about 30
minutes of continuous operation at 1012 nv, Visual examination of the cable
showed that the insulation had cracked. This may be attributed to the soften-
ing of the dielectric under the 160° F temperature of the port (this temperature
differs from that in the lower flux regions}, and subsequent yielding of the
dielectric until the inner and outer conductors of the coaxial cable had shorted.

In these tests it was necessary to have access to both ends of the
cable. Because of the small diameter of the port, the resulting bend is, of
necessity, quite sharp. Itis believed that the failure of the RG-9A /U cable
was due in large part to this bend, since it could have created a condition
leading to failure.

In the same port, the RG-8A/U-RG-58/U cable combination was
also inserted. However, the RG-8A/U cable went in unbent, terminated in
a series of connectors (type N to BNC) at the end of which the thinner RG-58/U
cable was connected and subsequently bent out. No visual damage took place
in this combination. The 30 mc insertion loss was not changed appreciably
during the two and one-half hour operation {corresponding to about 1000 hours
of continuous operation at 1010 nv),
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The observed radioactivity of these cables wag about 400 roentgens
per hour, measured at one foot distance. This level of radioactivity was quite
high and dangerous for handling purposes. Since the brass used, which is
part of the cables and connectors, contains zinc, which has a half life of many
months, the transmission lines would not be able to be handled with bare hands
for a long period after they were removed from the reactor, unless proper
handling instruments were used,

The preliminary measurements showed that the reliability of
some of the coaxial cables in radiation atmospheres is somewhat questionable,
and that the induc ed activity represents a biological hazard. Because of these
considerations, it was decided to use aluminum-jacketed, polyethylene-filled,
low-loss (about 16 db/100 ft at X-Band) coaxial lines to bring in the r.f.
power to the diode holder located in the radiation area., The i.f. power was
brought out by means of an RG-58/U coaxial cable which was approximately
one wavelength long at 30 mc, amplified, and then detected. The use of these
cables gave trouble-free operation throughout the extent of the full-scale
reactor program.
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APPENDIX C
NEUTRON FLUX SPECTRA AND EXPOSURE MEASUREMENTS

1. The "Armour Research Foundation Method' for Measuring Reactor
Fast Neutron Flux-Spectra (ref. 18)

A study of investigations made during the last few years has shown
that there is still no definite agreement on one set of values of the fission
spectrum-weighted effective cross-sections and threshold energies to be
used for the different threshold detectors. Moreover, since most measure-
ments are made on neutrons that do not have a fission spectrum energy dis-
tribution, the currently accepted values of effective cross-sections and
energies cannot be expected to give correct values for the measured fast
neutron flux-spectra. For these and other reasons, another method of making
fast flux-spectra measurements is used and is currently being refined at
the Armour Research Foundation.

The efforts aimed at improving the techniques applicable to the
use and interpretation of resonance and threshold detectors have been
supported separately by the Armour Research Foundation., These studies were
prompted in part by the realization that an understanding of radiation damage
must ultimately be based on precise experiments in facilities which have been
carefully calibrated for neutron flux-spectra.

The ARF method is largely equivalent to methods and techniques
in use by many others, in that a spectrum is initially assumed. After obtain-
ing the neutron flux data from a number of detectors on the basis of the
assumed spectrum, a revised estimate of the spectrum is prepared and new
averaged values of cross-sections are assigned. The values of the flux above
the different detector's neutron energy threshold are then recalculated, and the
process repeated, until further efforts do not result in a significant change
in these values of flux, The salient feature of this process is the specification
of a given value of neutron flux as being present above the true value, rather
than an effective energy threhold for the different detectors. It is in this
prominent respect that the ARF method differs from other methods. The
selection of the proper energy detection limits of the detector and of the
averaged value of croes section is accomplished with the aid of the detector
sensitivity function, O (E}J{E), where O (E) is the functional form for the
energy dependent cross-section and J(E) is the differential neutron flux in
units of nfcm®-Mev.

A plot of the S3z(n, p)P32 sensitivity function is shown in Figure
C-1 as an illustration. Note particularly that, within the limitations of the
assumed form for ¢{E}, the area under this curve is the actual response
of the detector per atom of target material. For the sulfur reaction, one
obtains the lower energy detection limit of 1.8 Mev as the true effective
threshold. Data obtained with this detector is then reported as neutron flux
above 1.8 Mev, using a value of O .= 0.148 barns. This procedure seems
more meaningful than the current pract1ce, which is to report the value of
the neutron flux above an effective energy of 2.9 or 3.0 Mev, with a value of
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effective cross-section of 0, 300 barns, A study of Figure C-1 makes it
quite clear that about 1/4 of the measured activity of the sulfur detector is
due to neutrons between 1.8 and 3.0 Mev.

With these comments as background, a more detailed description
of the ARF Method of making flux-spectra measurements is now presented.

To determine the total fast flux GT’ in some energy interval
E to EZ‘ the relationship

A, " AT (9)

where A, is the measured activity per unit volume of foil i, N. is the number
of ’cau-get1 nuclei per unit volume, A is the decay constant, t is the irradiation
time, and T is the decay time, may be used where g~ ., the integrated
averaged cross-section for activation over the energylinterval, is given by

E, E,
—_ (EYJ(E)E J(E)dE (10)
g = d i J
i
E, E,

and GT. the total flux in the energy interval, is given by

Ai = Ni G—iGT(l‘e

E,

- J(E)E (11)

B
where ", (E) is the energy dependent cross section for activation and §(E)
is the flux distribution function (the differential neutron flux). Note that
the limits EJ-_and E, of integration need to be considered carefully if the
resulting I i is ~ to have a real physical meaning.

Now consider sulfur as a threshold detector. It is known that in
many of the locations of higher flux in a reactor, the neutron spectrum
above 1,6 Mev is similar to a fission spectrum. As such, one can take
published values of J.{E) for the sulfur n-p reaction in the energy range
above 1.6 Mev, and cdn initially assume a fission spectrum for the form of
U(E) and numerically integrate equation (10) to obtain d.. The re sulting
value of -, and the measured or known values of the othler parameters then
can be use& in equation (9) to obtain ¢, for the fast flux above the ''true
measurable effective threshold energy E1 and below EZ" in any reactor,
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In relation to detection limits, a "Sensitivity Curve' is prepa.red (see Figure
C-1) and values of U .(E}J(E) are plotted against energy in order to find that
1.8 Mev is about the correct value for the 'true measurable effective threshold
energy' for sulfur. The prime on ¢$(E) is used to indicate a fission spectrum.
Therefore, at least in the case of sulfur, it is natural to use a lower limit of
integration for E; of 1.8 Mev. The upper limit of integration E, is obviously
more difficult to choose, and some researchers have set it equal toe®© as a
matter of convenience; however, this should not be done arbitrarily--the

shape of the sensitivity curve should be used to determine both El and E.?,'

If a number of different threshold detectors are taken which would
cover the energy range below and above 1.8 Mev, the same thing can be done
with these detectors as was done with sulfur in obtaining values of c]' and
determining their detection sensitivity curves, (J.(E)J(E) as a functién of E.
These detectors can then be used to determine the total fast flux above their
""true measurable effective threshold energy El and below E,." Now obvious-
ly, the fact that the actual neutron spectrum may be greatly %ﬁferent than a
fission spectrum means that the initial value of the flux above the "true
measurable effective threshold energy E, and below E,, " which is obtained by
using a value of O, (that is based on a fission or some other suitable spectrum),
may be mgmfmanﬂiy in error. Therefore, one uses the initial results ob-
tained through use of the different detectors and assumed values of &, to plot a
spectral distribution curve. Since, in general, this initially deternur}ed
form of the spectral distribution will be incorrect, this determined form
must be used to calculate new values of the 0— 's, to obtain new values for
the fast flux for an improved form of the spectral distribution. This process
can be repeated as many times as needed, and this "method of iteration' should
lead to a determination of the actual spectrum in the reactor. Obviously,
the success of this method is dependent on having an adequate number of
threshold detectors,

The ARF method of approach has a greater fundamental simplicity
and correctness than the present "effective threshold method. " In addition,
this method gives a more meaningful value to the effective threshold energy
and should be used for those theshold detectors that have tabulated cross-
section data, as reported in such references as (8) and (18).

In order to calculate initial values of T ,, it was necessary to
select a tentative spectrum. For purposes of calculation, the flux distribution
was assumed to be a fission flux distribution function, §'(E). Measurements
of the emitted neutron spectrum from Los Alamos Water Boiler Reactor
{ref. 6.} (similar to the ARR), using nuclear emulsion techniques, indicate
that this is a valid approximation {the thermal neutrons were removed by
cadmium for these measurements. )

There are many models of J'{E) which are in good agreement with
each other and with experimental data. For the purpose of this calculation,
#(E) is taken from Weinberg (ref. 3) who cites Leachman (ref. 10) and Watt
(ref. 16). Leachman (ref. 10) shows that when U235 figsion is induced by
3 Mev neutrons, §'(E) is only slightly different from ¢'(E) when thermal
neutrons are used to induce fission. One may conclude that ¢§"(E) is not a
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strong function of the energy of the neutron inducing fission.

From Weinberg's formula, we have

1/2
g'(E) = 1.55 [MT_:_&] o-0. 775E (12)

Values of J . (E) for the sulfur n-p reaction above the measured threshold
energy, E; of about 1. 8 Mev, were taken from BNL-325 (ref. 8) and
UCRL-5226 {ref 7), and equation (10} was numerically integrated in 0. 01
Mev intervals to obtain @°,. It was assumed that ,(E) changes linearly
from 0, 0225 barns at 5.4 Mev to 0.0100 barns at 4.0 Mev. The value of
g ; obtained was

[(1. 8 Mev < E <12 Mev) 1653?‘(11, p)15P3:2] ;= 0.148 barns (13)

By using equation {9), the calculated value of6:.-, and beta
counting to determine Ai’ values of the total fast flux @, Above 1.8 Mev
have been obtained in the various exposure facilities.

In general, most test specimens are located in such a position
that there is some moderator or scattering material between the fuel region
and specimen. In addition, neutrons may be reflected to the specimen from
nearby materials. If this physical arrangement causes a significant
spectral perturbation, as is usually the case, one needs to have several
threshold _detectors, and must use a process of iteration wherein the
value of a‘i is finally adjusted to the actual spectral distribution.

With reference to Figure B-4 and the indicated location of the
test specimens, preliminary measurements were made in a one cubic foot
cadmium box; the value of T(E 7 1.8 Mev) was found to vary over the one
foot cube volume by a factor of about 3 from a position next to the bismuth
to a point one foot away. The maximum measured value of §,.(E> 1.8 Mev)
in this thermal column area was approximately 1, 3x1010n/cm2-sec.
Similar measurements showed that the maximum values of ¢,.(> 1.8 Mev
in Ports N and D were approximately 1.2x1011 and approximately 8. 4x1011n/
cmZ-sec, respectively.

Subsequent to these preliminary measurements, more detailed
measurements were made in the two areas of greatest concern. These two
areas are the thermal column where the diodes were placed for the full-scale
reactor runs, and the central exposure ports (Ports D and K) where pre-
liminary experiments on the diodes were conductef for shorter periods of
time at higher fast flux levels. Values of the fast neutron flux, GT(E >1.8
Mev), in the thermal column are listed in Table C-1 for the positions shown
in Figure C-2.

Figure C-3 and Figure C-4 represent the most recent determinations
of neutron flux in the central exposure ports, Ports D and K. Data has also
been obtained showing the thermal flux in Port K at 95 inches from the
reactor face (center of the core) to be 1.0x1012n/cm%-sec at 50 kilowatts.

The cadmium ratio at this location is 3, 3.
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FIG. C-2 FAST FLUX IN THERMAL COLUMN

TABLE C-| Tabulated Values of 109nlcm2-sec> 1.8 Mev

Position 1 2 3 4
AE 9.25 10.3 9.94
F 7.57 7.53 7.22
G 5,66 5.62 5.29
H 3.40 3.93 3.16
BE 11.4 12.8 11,7
F 8.13 8.79 8.42
G 6.07 6.56 5.90
H 3.15 4. 48 3.58

CE 12.4 13.0 13.2 12.1
F 8.46 9.32 8.56
G 6. 34 6. 44 6.37
H 3,88 4, 60 3.81
DE 9. 66 9.90 9. 34
F 7.38 7.39 7.69
G 6,13 5.14 5.79
H 3.42 3. 41 3. 26
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Cobalt-aluminum foils supplied by Oak Ridge were irradiated
in the thermal column and in Port K. The foils were sent to Oak Ridge
for analysis. These foils were returned and used as standards in
subsequent work,

Factors for determining the time-integrated fast flux, nvt, were
obtained, By irradiating cadmium-covered cobalt, the fast flux integrated
over time may be obtained as follows:

Port K{95" from face)n —-!—1—2‘)1.3 Mev | = 0.97:!:1012 -E-:f- x dps
cm cm dps g

Thermal column (3CF position) nvt -—1-12» >1.8 Mev ) = 1. 0:\:1011 pot N dps

cm, cm -dps g
shere ESEE is the Co-60 activity per gram mass of (0.15% Co), Co-Al foil.

Note that these factors are dependent upon the ratio of fast flux to epithermal
flux, and should not be applied to other locations,

The basic instrumentation, counting equipment and a special seven-
inch-thick lead shield designed to hold a two-inch scintillation well crystal,
was set up for the gamma counting of the cobalt foils {small wires approximately
0. 25 inch long, composed of pure aluminum and 0.50% cobalt).

The initial portion of the first reactor run with the diodes in place
was scheduled to permit shutdown and removal of some cobalt wires and
sulfur pellets after an appropriate exposure. The data obtained was a series
of sulfur-cobalt intercalibrations, which were subsequently used in cal-
culating nvt.

Other detectors were used in the same manner as the sulfur.
The energy detection limits and cross-section were evaluated as described

32

for the 16532 (n, p)lsP reaction. The values used are summarized as

Table C-2. These values are the numerically integrated values from
equation (10), based on an assumed fission distribution. The question of the
optimum energy limits deserves a great deal more study.

Figures C-5 and C-b6 present the fast neutron spectra as determined
in the boral box in the thermal column and in the center core region. The
dotted curves represent a fission spectrum normalized to the sulfur points.
Figure C-7 presents differential flux data in the center core region. The
resonance detector data are intended primarily as guide points for the extrapo-
lation of the lower energy fast flux. The literature on resonance detectors
is very misleading, in that a considerable number of investigators have re-
ported data in which the detector has a very slight portion of its sensitivity
at the resonance energy, or has other factors which make interpretation
difficult, This problem is currently under investigation by several groups
at ARF.
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Table C-2

e r. g r—

THRESHOLD DETECTORS, AVERAGED CROSS SECTIONS,
AND ENERGY DETECTION LIMITS

True Effective True Effective Averaged
Reaction Threshold Upper Limit Cross-section
{Mev) {Mev) (barns)

150, ) 11 15m
49 ' 749 0. 36 7.4 0.093

iz 32
165 (0 P)ygP 1.8 12. 0.148

34 .31
165 (m X)) St 4.0 14. 0.025
27 24

1381 (o)) Na 6.15 14. 0. 064

_}.E‘lux Measurements

The analysis of sulfur pellets and cobalt wires (used for calibration)
which were removed from the diodes after a few hours of irradiation during the
full scale reactor run, as well as the analysis of the cobalt wires removed from
the diodes that failed, will now be considered. In addition to diode locations,
Figure C-8 also shows locations of sulfur pellets and cobalt wires in the
boral box. The position of a sulfur pellet {attached to a diode) is indicated by
a small circle, and that of a cobalt wire by an X. The large circles with
numbers in them next to the diode location indicate the sample number of
the corresponding sulfur-cobalt sample used for calibration.

Table C-3 is a complete tabulation of the measured and corrected
counts per minute of each cobalt sample and the corresponding conversion
factor from the measured cobalt activity per gram of sample to the fast flux
above 1.8 Mev {(as measured with the sulfur sample at the same location).
Table C-4 contains similar data on the sulfur pellets, and these data were
used with the data in Table C-3 on dps/gm (disintegrations per second per
gram of cobalt-aluminum alloy - 0.5% Co and 99.5% Al) to obtain the
conversion factors given in Table C-3.

Table C-5 contains data on the total nvt (n/cmz) above 1.8 Mev
received by the general purpose diodes up until the time of removal of cobalt
wires attached to each diode. The data which is labeled as "removed 1-4-61"
is for all of the diodes, except five of the dynamic silicon junction diodes.
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All except these five had failed at this point, These fiye dynamic silicon
junction diodes were given an additional exposure, as indicated by the data
labeled "removed 1-11-61." However, these too were failed after this
exposure.

Table C-6 summarizes cobalt wire data obtained during the second
irradiation period. The data are again reported as n/cm2 >1.8 Mev. Figure
C-5 may be used fo obtain the integrated flux above other energies, if desired.
For example, to obtain the integrated flux greater than 0.5 Mev, one multiplies
the integrated flux greater than 1.8 Mev by 5, 3.

Additional data on the '"damaging fast flux" in the low Mev region
{over a range of two decades such as 0.01 to 1 Mev) have been obtained in
the central exposure port of the ARR. The experimental work was performed
by Dr. Primak of Argonne National [.aboratory and staff members of ARF,
and was sponsored jointly by ARF and Argonne (ref. 20). The results ob-
tained from this work should be coneidered as provisional data, and are
presented because they provide additional data that are relevant.

The measpurements by Dr. Primak of the '"damaging fast flux"
in the central exposure port gave a value of approximately 3. 8x1012n/cm2-sec.
This value was obtained by measuring the change in resistivity of graphite
samples placed in the port, and compares favorably with the value of
2.8x1012n/cmé-sec for the total fast flux above 0. 36 Mev, as measured by the
In{p, n')In}15M reaction. Dr. Primak has published a number of papers on
his work (references 12, 13, and 14), and the literature should be consulted
for more details about his method and as to the exact meaning of the terminology
"damaging flux."

If 3. BxlOl ancmz-sec is used for the value of the total damaging
flux and 2.8x1012n/cm2-sec for the total value of the flux above 0. 36 Mev,
the ratio, 1.36, of these two values of flux gives the factor by which the
measured fast flux above 0, 36 Mev must be multiplied to obtain the value of
the total damaging fast flux in the central exposure port. If this analogy is
carried over to the measurements of the fast flux in the thermal column,
the minimum value of the 'fast damaging flux'" in the location where most of
the diodes were irradiated is 1. 36 times the value as measured with the
In(n, n'})Inl13m detector. This gives a minimum value for the "fast damagin *
flux" in the thermal column of (1. 36)x(6. 9x1010n/cm2-sec) = 9. 4x1010n/cme-sec.
With reference to Figures G-5 and C-6, there is a significant difference in the
lower Mevy region in the spectral form between the central exposure port and
the thermal column. From the curves, it is apparent that there are more
lower-than high-energy neutrons in the thermal column. Because of this,
it may be said with reasonable confidence that the value of 9, 4x1010n/cm2-sec
is a minimum value for the "damaging flux" in the thermal column region.

See Figure C-5 for location.
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The above, as well as previous considerations, should emphasize
the difficulty of trying to correlate radiation damage effects in two different
positions in the same reactor, or in different reactors if measurements are
not made by a method such as Dr, Primak's or are not made of the fast flux
spectral distribution in the lower Mev energy region. Measurements with
sulfur alone, the normal procedure followed by many researchers, would
have given no indication that there was a significant spectral difference
between the normally assumed fission spectrum and the actual spectrum
{and in turn the "damaging flux") in the two locations in the ARR; see
Figures C-5 and C-6. This in turn could lead to serious unexplained dis-
crepancies between the results of a radiation damage study on the same
materials in two different locations in the same or in different reactors. With
these final statements concluding the discussion of fast flux measurements,
consideration will now be given to gamma level measurements.

Drawings were obtained for the carbon ionization chamber
referenced in WADC TN 57-207 (ref. 17). However, it was apparent that
this unit would be too large {2 inches O.D.) to be used in the central exposure
facility (which i8 a maximum of 1. 4 inches O.D. ), or in certain areas of the
Boral box that contained the diodes. It was therefore necessary to build a
smaller and somewhat different type of carbon ionization chamber, in order
to make an empirical comparison of the chemical dosimetry and other ioniza-
tion chamber data with that of the carbon ionization chambex.

Measurements made in the thermal column with the carbon
ionization chamber indicate that the maximum value of the gamma level
is about 0. 2x106 rad /hour. A comparison of the carbon ionization chamber
results with those obtained using an aluminum walled ion chamber and FeS0 4
dosimetry as a function of distance in the boral box is presented in Figure
C-9. Measurements with FeS0 , dosimetry indicate that the maximum va.%ue
of the combined gamma and fast neutron dose rate is about 0. 45x10
rad/hour,

The carbon ionization chamber has also been used to measure
the maximum gamma dose rate in the central exposure port {D and K),
where preliminary tests were made on some of the different diodes. The
measurements indicate that the gamma dose rate is about 2x107 rad /hour.
Ferrous sulfate dosimetry was used a5 a comparison, and a value of a
total deposited dose rate of about 4x107 rad/hour was obtained. The
measured value of approximately 4x107 rad/hour with the FeS0, dosimetry
includes the effect of fast neutrons. In the absence of a proper™ "G"
value for fast neutrons, all ferrous sulfate dosimetry was based on a '"G"
value of 15, 6.
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