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ABSTRACT: A methodology has been developed for verifying that a neuiron
energy spectrum measured for an environment correctly predicts the bulk
displacement damage that would be observed in a silicon electronic
device. The technigque makes use of a package of silicon bipolar transis-
tors (2N2222A), monitor activation fcils (such as sulfur pellets), and
thzrmoluminescence detectors (TLDs) that is placed in the test environ-
ment. The TLDs and monitors are then used to correct for the gamma-
induced damage and to scale the reactor power in the test irradiation to
that predicted by the neutron spectrum which is being verified. The dam-
age predicted from the spectrum and the measured damage are then com-
pared. In cases where the sensor set does not have sufficient
sensitivity coverage to satisfactorily define the spectrum, the transis-
tors can be used as spectrum sensors to providn sensitivity in the cru-
cial energy region between 0.1 and 2.0 MeV. This results in the loss of
the independent verification, but leads in a much higher fidelity spec-
trum. The technique greatly facilitates inter- and intralaboratory com-
parisons of effects testing and spectrum determinations.

KEYWORDS: neutrons, displacement damage, neutron spectrum, silicon
devices, electronic parts testing, reactors, interlaboratory compari-
sons, spectrum determination, radiation environment characterization

The testing of electronic parts for sensitivity to permanent neutron-
induced displacement damage is carried out in many government, univer-
sity, and industrial laboratories in a multitude of differing configura-
tions and radiation environments. Despite the fact that the ASTM
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standards have been developed for those who conduct parts testing (prima-
rily in ASTM Standards E-720, E-721, and E-722[1)), observed damage often
differs considerably from that predicted by the assumed neutron spec-
trum.

In response to these inconsistencies and as a result of recent
improvements that have been made in the methodology for determining neu-
tron spectra {2,3), new standards for assuring fidelity in electronic
parts testing are being developed by committee E 10.07 so that the exper-

imenter can properly account for phenomena that significantly influence
his results.

To support the development of these standards, an interlaboratory
spectrum verification program has been conducted at Sandia National Lab-
oratori s (SNL), Penn State University, the University of Utah, and
McClellan AFB. The objective was to demonstrate that SNL can use silicon
transistors, sulfur sensors, and thermcluminescence gamma dosimeters
(TLDs) to verify that a spectrum derived from a complete set of sensor
responses (foil activities) and read locally at each facility, correctly
predicts the responses of the electronic parts. In the past it has been
very difficult for a potential verifying agency to obtain adequate sensor
coverage for environments characterized at facilities not co-located
with their dosimetry laboratories. This inadeqguate coverage is prima-
rily caused by the need to use activation sensors with a long half-lives,
and by the special licensing requirements for fission materials that pre-
cludes the use of fission foils in many laboratories.

VERIFICATION METHOD

The anticipated procedure for verifying a spectrum for use in silicon
electronic parts testing was the following. A set of foils is exposed in
the test environment, and the activities are read locally so “hat any
short half-life activities can be determined immediately. For consis-
tency, this usually means that all the foils are read by the same labora-

tory. This set of measured activities is used in the construction of a
neutron spectrum.

If the SANDII spectrum adjustment code [4] is used, a trial spectrum
is input to start the process. The code calculates the activities
predicted by this trial spectrum (by integrating the trial spectrum
multiplied by the reaction cross section over energy) and compares them
to the measured values. SANDII then applies an algorithm to generate a
new trial function that provides a lower standard deviation, S.D.,
between the measured and calculated activities. This cycle is repeated
until the S.D. falls below a set value, typically ~5%, at which point it
declares a solution. From this final spectrum one can calculate the
neutron response of any phenomena (whose response function is known) to
that environment by integrating over energy that response function times
the spectrum. The gquantity of interest for this work is the bulk
displacement damage to silicon devices such as bipolar transistors. 1In
all of the cases reported here, the spectra were generated at SNL with a
modified version of the SANDII methodology [2].



The next step was to expose a package containing calibrated 2N2222a
silicon bipolar transistors, sulfur activation monitors and TLD gamma-
ray dosimeters in the selected environments at Penn State, the University
of Utah and McClellan AFB. These packages were made up and read by SNL
at the invitation of the other facilities.

RESULTS

Four very different environments were investigated, but all were in or
near pool-type reactors that have a large fraction of the silicon device
response at energies between 100 keV and 1 MeV. A requirement for all of
these configurations was that the sensor set possess sensitivity in that
region. Each test is discussed separately in the following subsections.
It became evident that the characterization procedures must be adjusted
to fit the peculiarities of each environment. In only one of the tests
was there enough sensitivity in the 0.1 to 1.0 MeV region to retain the
independence of the verification sensor set data and the activity data
used to construct the spectrum. In the other cases, the verification
showed significant problems with the initial spectrum determination, and
and it became necessary to use the 2N2222A transistors themselves as
spectrum sensors in a new baseline spectrum characterization. The mea-
sured specific activities that were used in the spectrum determinations
are listed in Table 1.

Table 1. Activities

Reactions Penn State, 2x6 in.| Penn State, 6 in. Pb U. of Utah McClellan AFB
(bg/nucl.) | %A | (bg/nucl.) %A | (bg/nucl) | %A | (bg/nucl) | %A
197Au(n,y)!*®Au | 1.144E-15a| -1.25 | 4.158E-16b | +2.15 | 7.072E-14a | -2.84
197A(n,y)"%8Au | 1.183E-15 | +1.13| 4.246E-16 | -2.51 | 1.606E-13 | +6.44
24Mg(n,p)?*Na | 5.130E-20 | -8.22 | 1.240E-20a | -9.19 | 1.871E-18 | -10.1 | 1.170E-18c| -1.19
54Fe(n,p)®>*Mn | 4.857E-21 | -5.74 | 1.465E-21a | +1.84{ 2.355E-19 | +7.80
8Ni(n,p)®®Ni | 2.983E-20 | -0.91 | 8.611E-21a | -2.20 | 1.256E-18 | -6.65
27Al(n,0)?*Na | 2.580E-20 | -3.38 | 6.369E-21a | -2.43 | 1.003E-18 | +0.77 | 5.360E-19¢c| -2.69
48Ti(np)*8Sc | 3.797E-21 | +11.5| 9.549E-22a | +13.7| 1.379E-19 | +10.6
43S ¢(n,y)*6Sc --- | 9.641E-20a | +0.04
43Sc(n,y)*Sc | 2.928E-19 | -1.27| 3.307E-19 | -0.10
64Zn(n,p)®4Cu | 1.459C-18 | +0.89| 3.905E-19 | -3.26 | 5.500E-17 | -10.0
151(n,n*)**3In | 2.111E-17 |-0.076] 8.950E-18 | +1.22| 1.261E-15 | -3.51

235y (n,f)F (RMLEU --- | 2.705E-12d* | -0.54
239py(n,HF -~ | 3.834E-12d* | +3.30
237Np(n,HF --- | 2.022E-12d*| +2.78

S.D. 4.37 4.98 6.78 3.07
Filename pn24_si-cu| o= | penllé-new-| o~ ut3l ave mecl2 ava
fission

* Units are in reactions/nucleus

a - cover-- Cd 2.587E-3 atoms/barn

b - cover-- Cd 3.540E-3 atoms/bain

¢ - cover-- Cd 4,.71E-3 atoms/barn

d - cover-- Cd 3.26E-3 atoms/barn 1°B 0.181 atoms/barn

e - cover-- Cd 4.705E-3 atoms/barn

RMLEU indicates the Radiation Metrology Laboratory’s enriched uranium fission foil




Table 1. Activities

Reactions Penn State, 2x6 in.| Penn State, 6 in. Pb U. of Utah McClellan AFB
(bg/nucl) | %A | (bg/mucl) | %A | (bg/mnucl) | %A | (bg/nucl) | %A
238y(n,HF --- | 2.897E-13d* | +1.55
23Na(n,y)?4Na | 9.972E-19 | -0.96 --- | 1.783E-15 | -4.00
46Ti(n,p)*®Sc nat | 2.718E-21 | +5.79 -~ | 7.340E-20c | +0.63
47Ti(n,p)4"Sc nat | 1.097E-19 | +0.16 -- | 5.897E-18 | +11.4
>5Mn(n,y)>®Mn | 2.186E-16 | +0.01 -~ | 1.336E-14a| +2.88
907¢(n,2n)8%Zr | 8.856E-22 | -0.32 - | 3.322E-20 | -0.52
23Na(n,y)*>Na .- | 6.733E-17e| -3.21 | 3.540E-17c| +1.34
328(n,p)32P --- | 2.689E-18c| -1.06
56Fe(n,p)>*Mn --- | 5.300E-18c| +5.40
63Cu(n,y)®%Cu --- | 6.020E-16¢| -1.61
natSi(n,X)IMEV | 3.160E+12 | +0.69| 1.732E+12 | -6.37 | 2.252E+14 | +0.88 | 8.947E+13 { +4.91
S.D. --- 4.37 - 4.98 .- 6.78 — 3.07
Filename pn24_si-cu| --- | penll6-new-| --- ut31 - mccl2 e
fission
* Units are in reactions/nucleus
a - cover-- Cd 2.587E-3 atoms/barn
b - cover-- Cd 3.540E-3 atoms/bam
¢ - cover-- Cd 4.71E-3 atoms/barn
d - cover-- Cd 3.26E-3 atoms/barn *°B 0,181 atoms/barn
¢ - cover-- Cd 4.705E-3 atoms/barn
RMLEU indicates the Radiation Metrology Laboratory’s enriched uranium fission foil

In the above table the heading symbol %A stands for the percent deviation
between the measured activities and that calculated from the experimen-
tally determined spectrum.

Penn_State 5.08 x 15.24 cm chamber

This 2 x 6 in.(5.08 x 15.24 cm) chamber is in the water next to the
TRIGA core. It is covered with a layer of cadmium to attenuate thermal
neutrons, so it was necessary to correct the change in reciprocal gains
of these transistors for the effect of the intense cadmium gamma-ray
dose. To effect this correction, the form of the transistor response to
neutron irradiation developed by Messenger [5,6] must be examined in the
form of Egn. (1)

1 1
A(;l)-A(’.T)Y_K-cp1 (1)

where A(1/h)=(1/hg)-(1/h;) and A(1/h),=(1/h¢),~=(1/h;),, The A(1/h) is the
total change in the reciprocal gain and A(1/h), is the change due to
gamma-ray damage. In these definitions, h; is the transistor collector
current gain before irradiation, and hf is the gain after irradiation.
The ¢, is the 1.0-MeV equivalent neutron fluence and K is the damage con-
stant of this transistor (calibration factor) as measured in the central
cavity of the Sandia Pulsed Reactor (SPR III). The manner in which @, is
established for a known spectrum is defined in ASTM Standard E-722.



The magnitude of the gamma response of the transistors, A(1l/h),, was
measured by observing the difference in response when exposed in a D,0
tank next to the reactor, with and without a cadmium cover. At the 372.6
Gy absorbed dose to which the transistors were exposed in the 5.08 x
15.24 cm chamber, the transistor reciprocal gain change was A(l/h),=
0.00716. This constituted about a third of the total response, and had
to be subtracted froam the measured change of reciprocal gain for each
transistor. The value of &, was then found from Egn. (1). The ¢, was
scaled to the value which would have been seen during the spectrum mea-
surement. This was done by multiplying &; by the calculated sulfur
activity that would have been induced by a sulfur foil during the spec-
trum determination and dividing by the sulfur activity of the foils
exposed with the tramnsistors. The sulfur activity for the spectrum run
is calculated by folding the spectrum with the sulfur cross section.

Note: It is important that the same sulfur cross section be used in the

SANDII spectrum characterization as was used in the sulfur counter cali-
bration.

As in two others of the cases cescribed here, this is the point of
departure from the original plan. The SANDII code prints out the energy
range within which each foil exhibits 95% of its response to this spec-
trum. There was poor sensitivity coverage from the sensor set between
0.1 and 1.0 MeV, and the first spectrum derived from the foil set alone
did not provide a @, in very good agreement with the measured value.
Subsequently, the measured ¢, was added to the SANDII sensor set, and the

code was run with a much improved coverage. The resulting spectrum,
shown in Figure 1, exhibits an S.D., of 4.5% with a smooth and physically
reasonable form. The calculated and measured values of ¢;, shown in

Table 2, are in good agreement, as one would expect, because the code
attempts to find a spectrum that agrees with all the sensors. This sub-
stitution is equivalent to adding a new foil to the set, and it helps to
define the spectrum more tightly. 1In this case, however, the silicon has
a particularly potent influence on the spectrum in the 0.1 - 1.0 MeV
range where it is most needed. If fission foils were available, the sil-
icon would not have been necessary as a spectrum sensor. What has been
surrendered here, in exchange for an improved spectrum, is the indepen-~
dence of the spectrum characterization and the transistor response . The
improved spectrum definition means that the predicted response of many
other material (e.g. GaAs) is also improved.

Table 2. Spectrum Parameters

Environment SI HP,4(93) Dy ot D) 0-kev ®,(calc.) | ®,(meas.)
Penn State 6.98 0.851 5.650E+12 | 3.687E+12 | 3.138E+12 | 3.16CE+12
2x6 in. chamber
Penn State 17.96 0.736 3.444E+12 | 2.512E+12 | 1.850E+12{ 1.732E+12
6 in. dia., Pb
U. of Utah 11.69 0.911 7.071E+14 | 2.448E+14 | 2.232E+14 | 2.252E+14
Pb lined cham.
McClellan AFB 6.70 0.765 2.274E+14 | 1.113E+14 | 8.529+13 | 8.947E+13
Test chamber




The quantities in the column headings of Table 2 are parameters that
characterize the shape and magnitude of the spectrum. SI is the ratio of
the neutron fluence above 10 keV, @P,,5_ y.y, to the fluence above 3.0 MeV,
D3 yeve The term HP;((93) is the 10 keV silicon hardness parameter. It
is equal to the integral, from 10 keV to infinity, of the silicon damage
function printed in the 1993 ASTM Standard E-722 divided by the 1-MeV
reference kerma of 95 MeVembarn. These parameters are related by the
relation ®; = SI*HP,;(93)*P3_peyv. The fluences are in units of n/cm?.

Penn State 15.24 cm diameter Lead-Lined Chamber

The activities supplied to SNL by Penn State in this case were mea-
sured by Mark Oliver of Aberdeen Proving Ground in the Penn State 6 inch
(15.24 cm) diameter cavity lined with 5.08 cm thick lead. This is the
only case for which fission foils (%3%y, 237np, and 2%3%pu) were available
that show sensitivity in the 0.01 to 2.0 MeV region where they can
potentially be in conflict with the transistors in determining the spec-
trum shape and the @;.

Initially a spectrum was constructed with the activities listed in
Table 1 for this geometry with the exception of the 235y fission foil and
the silicon transistor. The scaled transistor response was compared to
that predicted by the preliminary spectrum and was found to be about 15%
lower. For this reason a 23°U foil from SNL was exposed at Penn State and
counted at SNL to corroborate the Penn State fission foil results. The
response of the SNL 23°U foil was found to be in good agreement with the
other fission foils. Since the spectrum verification with the transis-
tors was still not satisfactory, the trial spectrum was lowered in the
0.1 MeV region and the transistor was added as a sensor to produce the
spectrum shown in Figure 2. The spectrum parameters are also shown in
Table 2. 1In this case the measured and calculated values of @, do not
agree as well as in the other cases, because there is still some dis-
agreement between the fission foils and the silicon transistor response.

In all of the cases at SNL in which the fit of the responses cof the
fission foils have been compared to that of the transistors in the spec-
trum determinations, the agreement has been better than 3%. The larger
differences exhibited in Table 1 reflect a difficulty with the extra step
needed to scale the transistor response to the spectrum derived from the
activities measured at another facility. A close look at the spectrum
shows that the lower transistor response depressed the spectrum slightly
above its 0.2 MeV threshold. Below that limit the fission foils push the
spectrum up slightly.

One additional observation is that the lead liner lowers the spectrum
magnitude above 3.0 MeV so that the spectral index, SI, shown in Table 2
is much higher. The difference is not easily seen in Figure 2. However,
this change could cause a serious underestimation of ¢; if an experi-
menter monitored the fluence in his electronic parts test with sulfur
foils, and assumed a spectrum appropriate for a chamber without lead
shielding. This comes about because the determination of the damage in a
silicon device is dependent on the product of the @;_p.,, obtained from
the sulfur measurement, and SI.



University of Utah Lead Lined Chamber

The University of Utah exposure chamber is a dry box with 5.04 cm
thick lead walls to reduce the gamma-ray exposure from the fuel and the
water. It is placed in the water beside the TRIGA reactor. The activi-

ties measured at the facility and used in the spectrum determination are
listed in Table 1.

The first spectrum constructed from the data, after a number of
inconsistencies were resolved, looked quite reasonable for a lead-lined
chamber. However, the predicted 1.0 MeV silicon damage fluence, ¢;, was
high by a factor of two compared to the measured 2N2222A transistor dam-
age that was scaled by the nickel foil ratios. The output of the SANDII
code also showed that for this foil set and spectrum there was almost no
sensitivity between 0.3 keV and 1.4 MeV. This huge gap occurred for a
combination of reasons. First, fission foils were not available. Sec-~
ond, the lead and water around the chamber left a very large thermal neu-
tron tail in the spectrum so that the response of all the resonance
foils, such as gold and manganese were shifted down to the thermal end of
the spectrum leaving the gap in the sensitivity coverage of the sensor
set. This is an example of how the spectrum in the test environment
influences the adequacy of the sensor set. Third, the initial trial
function used in the SANDII code was too far from the real spectrum, and
the coverage was too poor for the code to pull the trial toward the cor-
rect spectrum without using the modified outer iteration SANDII method-
ology [2].

Subsequently, a set of sensors was sent from SNL to the university for
exposure. They were then returned to SNL for reading. The set included
cadmium-covered gold, manganese and nickel foils along with bare gold,
sulfur and transistor sensors. These tests confirmed the original dis-
agreement between the measured and calculated values of ¢;, and also
showed efficiency errors for the University of Utah counting system of
about 1.7. This 1.7 factor was not the cause of the disagreement in ¢,
but led to scaling errors between sensor sets. The counters were recal-
ibrated and the transistor response was added to the sensor set to help
close the sensitivity gap. The spectrum shown in Figure 3 is consistent
with both the activities and the transistors. It differs substantially
from that normally assumed to be typical for TRIGA environments, mainly
because of the very large thermal tail that makes the determination of
the spectrum in the 0.1 to 1.0 MeV region, in the absence of fission
foils, so difficult. If the test chamber were shielded by a boron layer,
it would provide a better environment for the testing of electronic
parts, and could be more easily characterized.

McClellan AFB lLead Shielded Chamber

The test chamber at the McClellan AFB TRIGA is also lined with 5.08 cm
of lead and is placed next to the core. The characterization of this
environment has not yet been completed, and some inconsistencies in the
sensor set need to be resolved. For example, when the sulfur and nickel
foils were used together in the SANDII code, they could not be made to
agree with a spectrum to within 40%. Because these foils are sensitive
in the same energy region, the combined deviation between them should be



less than about 3% for any fission type spectrum. 1In this case the
nickel seemed more in disagreement with the others and was left out of
the foil set used to construct the spectrum shown in Figure 4. The
activities are listed in Table 1. The transistor data from the SNL ver-
ification package was also used to help construct the spectrum, and
therefore is, by necessity, compatible with the rest of the sensors.

It is important that the discrepancies in the secnsor responses be
resolved and that better coverage be obtained to characterize this spec-
trum properly. Another sensor set has been exposed at McClellan AFB and
read at SNL. This sensor set should resolve the sulfur-nickel problem,
but the present sensor set of only nine responses cannot ensure an ade-
guate characterization. However, since silicon transistors were used,
¢, is not likely to change by more than 10%.

SUMMARY AND CONCLUSIONS

The interlaboratory verification experiments have demonstrated the
importance of performing a spectrum verification. A good choice for the
verification sensor set is one consisting of silicon bipolar transis-
tors, sulfur foils and thermoluminescence dosimeters. In each of the
cas2s studied, this verification process uncovered serious deficiencies
in :he initial spectrum characterization. Because of these deficien-
cies, the sensor responses from the verification sensor set were added to
those used in the spectrum characterization. Thus the independence of
the verification process and the spectrum determination was lost. 1In the
absence of fission foils we recommend that the facility that exposes and
reads the sensors include both their own transistors and a foil such as
niobium (sensitive in the 10 keV region). The silicon will provide the
coverage, and the niobium will supply the mathematically independent
response function in that region.

Based on the lessons learned from the attempted spectrum verification
at these three reactors, the spectrum verification is likely to be suc-
cessful only if the following factors are handled properly:

* Foil sets with good energy-sensitivity coverage and well established
cross sections are used.

¢ The respective counting laboratories provide accurately determined
activities traceable to NIST.

* The spectrum, consistent with all of the sensors used to construct it,
is physically reasonable, relatively smooth, and has a narrow band of
acceptable solutions.

* Include in the spectrum sensor set the monitor used with the transis-
tors so that the relative normalization of the counting systems can be
compared.

Also, the fielding of the verification sensor set requires that:



* The transistors are calibrated in a well-characterized environment,
and after exposure in each test environment are read with proper tem-
perature and annealing corrections.

* In environments in which gamma rays significantly affect the transis-
tor response, TLD data must be used along with separate transistor-
gamma-ray-response data to correct for that gamma response.

It can be difficult for an organization to maintain the expertise
needed to ensure that the neutron environment characterization is main-
tained over a long period of time. Cross section and response function
libraries are updated. Staffs change, test configurations are modified,
and test requirements are altered. Therefore, to ensure fidelity in
testing it will be necessary to institutionalize the procedures for that
characterization and to find an agency for and a means of confirming, on
a periodic basis, that characterization. The sensor package suggested
here may serve the latter function.

In those cases where a sensor set with good coverage is not avail-
able, transistors can be used to provide coverage in the critical region
between 0.1 and 2.0 MeV if neutron displacement damage in electronic
parts is the important damage mechanism for the testing. However, the
measurement of equivalent damage by the transistors alone is not suffi-
cient to ensure testing fidelity. A high quality and sufficiently inde-
pendent spectrum determination is also necessary.
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