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Standard Guide for
Determining Neutron Energy Spectra from Neutron Sensors
for Radiation-Hardness Testing of Electronics ~ *

This standard is issued under the fixed designation E 721; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope E 262 Test Method for Determining Thermal Neutron Re-

1.1 This guide covers procedures for determining the _action and Fluence Rates by Radioactivation Technhu_es
energy-fluence spectra of neutron sources used in radiation- E 263 Test Method for Measuring Fast-Neutron Reaction
hardness testing of electronic semiconductor devices. The Rates by Radioactivation of Irén .
types of sources specifically covered by this guide are fission or E 264 Test Method for Determining Fast-Neutron Reaction
degraded energy fission sources used in either a steady-state or Rates by Radioactivation of N|c!<°el _
pulse mode. E 265 Test Method for Measuring Reaction Rates and

1.2 This guide provides guidance and criteria that can be _Fast-Neutron Fluences by Radioactivation of Sulfu?-32
applied during the process of choosing the spectrum adjust- E 266 Test Met_hod for Determining Fast-Neutron Reaction
ment methodology that is best suited to the data that is _Rates by Radioactivation of Aluminum
available and relevant for the environment being investigated. E 393 Test Method for Measuring Reaction Rates by Analy-
For example, the data available from power reactor and _Sis Of Barium-140 from Fission Dosimetérs
research reactor tests are expected to be different, and the mosE 704 Test Method for Measuring Reaction Rates by Ra-
effective spectrum adjustment methodology may also differ for _dioactivation of Uranium-238

each case. E 705 Test Method for Measuring Reaction Rates by Ra-
1.3 This guide is to be used in conjunction with Guide E 720 _dioactivation of Neptunium-237 o
to characterize neutron spectra. E 720 Guide for Selection and Use of Neutron-Activation

Foils for Determining Neutron Spectra Employed in
Note 1—Although Guide E 720 only discusses activation foil sensors, Radiation-Hardness Testing of Electroics

any energy-dependent neutron-rgsponding sensor for which a response 755 practice for Characterizing Neutron Energy Fluence
function is known may be used). . . .

Note 2—For terminology used in this guide, see Terminology E 170. ?lﬂiﬁgi Ifrz):iggj?a?roiTHEg‘gp]/:é?sn'tl'('avls(t)lEge(;‘elg?sgtcrgfcustron
1.4 The values stated in Sl units are to be regarded as theE 844 Guide for Sensor Set Design and Irradiation for
stzinga_trrg: dard d dd I of th Reactor Surveillance, E706 (II€)

- This standard does not purport to address all of the £ 944 Gyide for Application of Neutron Spectrum Adjust-
safety concerns, if any, associated with its use. It is the ment Methods in Reactor Surveillance, (IFA)
re;ponsibility of the user of this standard to e_stablish appro- g 1297 Test Method for Measuring Fast-Neutron Reaction
priate safety and health practices and determine the applica- Rates by Radioactivation of Niobitim
bility of regulatory limitations prior to use.

3. Terminology

3.1 Definitions: The following list defines some of the
special terms used in this guide:
S 3.1.1 effect—the characteristic which changes in the sensor
when it is subjected to the neutron irradiation. The effect may
be the reactions in an activation foil.

3.1.2 response-the magnitude of the effect. It can be the
measured value or that calculated by integrating the response
 This guide is under the jurisdiction of ASTM Committee E-10 on Nuclear function over the neutron fluence spectrum. For activation

Technology and Applications and is the direct responsibility of Subcommittee : ; N
E10.07 on Radiation Effects on Electronic Materials, Components, and Devices. reactions this would be the decay corrected activity. The

Current edition approved Sept. 15, 1994. Published November 1994. Originall)’esponse is an integral _parameter. Mat_hematica_lly, the_ re-
published as E 721 — 80. Last previous edition E 721 — 93. sponseR = 3R, whereR, is the response in each differential
> . . . .
The boldface numbers in parentheses refer to the list of references at the end gfnergy region aEi of width AEi-

this guide. . .
> Annual Book of ASTM Standarddol 12.02. 3.1.3 response functioathe set of values oR in each

2. Referenced Documents

2.1 ASTM Standards:

E 170 Terminology Relating to Radiation Measurement
and Dosimetry

E 261 Practice for Determining Neutron Fluence Rate, Flu
ence, and Spectra by Radioactivation Technigues
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b E 721

differential energy region divided by the neutron fluence in thathe device that will be tested is sensitive. For silicon devices in
differential energy region, that is, the §gt= R/®(E)AE,. For  fission-driven environments the significant range is usually
example, ifR; is the induced activity withiPAE;, thenf;, is  from 10 keV to 15 MeV. Lists of suitable reactions along with
proportionate to the differential reaction cross sectig(t;). approximate sensitivity ranges are included in Guide E 720.
3.1.4 sensor—an object or material (sensitive to neutrons) Sensor set design is also discussed in Guide E 844. 1t is
whose response is used to help define the neutron environmeihportant that as many response functions as are feasible be
A sensor may be an activation foil. used, in order to minimize the uncertainties in the resulting
3.1.5 spectrum adjustmentthe process of changing the spectrum as much as possible. This set should include even the
shape and magnitude of the neutron energy spectrum so thase of responses with thresholds outside of the ranges needed
quantities integrated over the spectrum (such as calculatddr the DUT to aid in interpolation to other regions of the
activities) agree more closely to their measured values. Othepectrum. For example, knowledge of the spectrum below 10
physical constraints on the spectrum may be applied. keV helps in the determination of the spectrum above that
3.1.6 trial function—a neutron spectrum which when inte- energy.
grated over sensor response functions yields calculated re-5.1.2 An example of the difficulty encountered in ensuring
sponses that can be compared to the corresponding measuredponse coverage (over the energy range of interest) is the

responses. following: If fission foils cannot be used in an experiment
3.2 Abbreviations: because of licensing problems, cost, or radiological handling
3.2.1 DUT—device under test. difficulties (especially with?>*U or 22%Pu), a large gap may be
3.2.2 ENDF—evaluated nuclear data file. left in the foil set response between 100 keV and 2 MeV—a
3.2.3 NNDG—National Nuclear Data Center (at region important for silicon and gallium arsenide damage. In

Brookhaven National Laboratory). this case two options are available. First, seek other sensors to
3.2.4 RSIG—Radiation Shielding Information Center (at fill the gap (such as silicon devices sensitive to displacement

Oak Ridge National Laboratory). effects (see Note 1PNb(n,n)°*™Nb ort®Rh(n,n')***"Rh.
3.2.5 TREE—transient radiation effects on electronics. See, for example, Method E 1297. Second, devote the neces-

o sary resources to determine a trial function that is close to the
4. Significance and Use real spectrum. In the latter case it may be necessary to carry out
4.1 1t is important to know the energy spectrum of theforward and adjoint transport calculations to generate a trial
particular neutron source employed in radiation-hardness tesfunction which incorporates the use of uncertainty and cova-

ing of electronic devices in order to relate, in the most generaliance information.

way, radiation effects with device performance degradation. 513 Other considerations that affect the process of plan-
4.2 Since it is necessary to ensure that a satisfactonjing an experiment are the following:

knowledge of the neutron spectrum is available for each test 5 1 31 Are the fluence levels low and of long duration so

environment, this guide describes the factors which must bg,,; only long half-life reactions are useful? This circumstance

considered when the spectrum adjustment methodology igan severely reduce the response coverage of the foil set.

chosen and implemented. Although the selection of sensors 5.1.3.2 Are high gamma-ray backgrounds present which can

(foils) and the determination of responses (activities) is dls-%]crect the sensors (or affect the devices to be tested)?

cussed in Guide E 720, the experiment should not be divorce 5.1.3.3 Can the sensors be placed so as to ensure equal
from the analysis. In fact, it is advantageous for the analys xp.os.u.re’? This may require mounting the sensors on a rotating
conducting the spectrum determination to be closely invowe‘iixture in éteady—state irradiations

with the design of the experiment to ensure that the data whic : -

will provide the most accurate spectrum is obtained. This data 5.1.3.4 Does the DUT perturb the neutron spectrum.
may include portions of the following categories) (neasured _ >-1:3-5 Can the fluence and spectrum seen in the DUT test
responses such as the activities of the foils exposed in thg!€r be directly scaled to that determined in the spectrum
environment to be characterized) fesponse functions such as characterization experiment (by monitors placed with the
reaction cross sections along with appropriate correlations arfgSted device)? _ _

uncertainties, %) knowledge of the geometry and materials in  5-1.3.6 Can the spectrum shape and intensity be character-
the test environment, and)(a trial spectrum and its uncer- ized by integral parameters that permit simple intercomparison
tainties obtained from a transport calculation or previous®f device responses in different environments? Silicon is a
experience. It is the accuracy, availability, quality, and cost off€miconductor material whose displacement damage function
the data which determines the most efficient methodology to bt Well established. This makes spectrum parameterization for

used in determining the spectrum. damage predictions feasible for silicon.
5.1.3.7 What region of the spectrum contributes to the
5. Spectrum Determination With Neutron Sensors response of the DUT? In other words, is the spectrum well
5.1 Experiment Design determined in all energy regions that affect device perfor-

5.1.1 The primary objective of the spectrum characterizamance?
tion experiment should be the acquisition of a set of response 5.1.3.8 How is the counting system set up for the determi-
values (activities) from effects (reactions) with well- nation of the activities? For example, are there enough counters
characterized response functions (cross sections) whose ravailable to handle up to 25 reactions from a single exposure.
sponses adequately define (as a set) the spectrum values whéFlis may require as many as Six coD@M@hfg
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available system only handle a few reactions before th&NDF/B-VI (5), have replaced the ENDF/B-V evaluation. The
activities have decayed below the counting sensitivity abovéRDF-90 dosimetry library incorporates many of the early
background? release ENDF/B-VI materials and supplants this data with the
5.1.4 Once the experimental opportunities and constrainteest available cross sections for reactions with specific impor-
are understood and dealt with to optimize the experimentdiance to neutron dosimetry.
design and to gather the most useful data, a spectrum adjust-5.3.2 The code then compares the measured and calculated
ment methodology must be chosen. responses for each effect and invokes an algorithm designed to
5.2 Spectrum Adjustment Methodology alter the trial function so as to reduce the standard deviation of
5.2.1 After the basic measured responses, response funtreasured and calculated responses. The process is repeated
tions, and trial spectrum information has been assembledyith code-altered spectra until the standard deviation drops
apply a suitable spectrum adjustment procedure to reach lzelow a specified value—at which time the code declares that
“solution” that is as compatible as possible with that informa-a solution has been obtained and prepares a table of the last
tion. It must also meet other constraints such as reasonabspectrum. This should not be the end of the process unless the
smoothness and positive definite values. The solution is thmitial trial was very close to the final result. The SAND II-type
energy-dependent spectrum functich(E), which approxi- code will alter the trial with each iteration most rapidly where
mately satisfies the series of Fredholm equations of the firdhe foil set has the highest response. If the trial is incompatible
kind represented by Eq 1 as follows: with the measurements, the spectrum can become severely
distorted in a very unphysical manner.

R = fo"i BPE)dE 1=j=n @ 5.3.3 For example, if a trial function predicts an incorrect
gold activity, it may alter the spectrum by orders of magnitude
where: q  seni at the gold high-response resonance at 5 eV while leaving the
Ei (E) _ ?eeuifgrzeresrggﬁggsfir?ctii’)inggrene igyor sensor trial spectrum alone in the immediate vicinity. It is unlikely that
] . a real, thin foil will actually modify the spectrum by that
BE) = Jiﬁcident neutron fluence versus energy, and amount, but SAND Il cannot discern whether this is real or not.

n = number of sensors. The power of the iterative process comes in the next crucial

This equation is also discussed in Guide E 720. The impor_§tep. The analyst must recognize that the trial must be changed

tant characteristic of this set of equations is that with a finite" @ manner suggested by the previous resylt. For example, if
number of sensorg, which yield n equations, there is no a peak develops at the gold resonance, this suggests that the

unique solution. With certain restrictions, however, the rang%”?l Sfethrurn valutets are too IOWt n Itgat whole er:ﬁlr gy reglt?]n.
of physically reasonable solutions can be limited to an acce n fact, he wiltwant to use a neéw trial drawn smoothly near the
able degree. spectrum values where the sensor set has high response. His
(,ﬂiéect modification becomes a part of an outer iteration on the

5.2.2 Neutron spectra generated from sensor response d {s ctrum adjustment process, as described in R&sThe
are presently obtained with either of two types of spectrum P J P '

adjustment code. One type is the iterative method; an examp%uter iteration methodology coupled with g_oqq acpwty data is
of which is the SAND Il approact{2). The second is the usually_ SO successfu_l that the form of the initial trial does not
method of least squares used by codes such as LSI(3yi2 overly influence the integral results. , . ,
Both approaches have complementary strengths and weak->-3-4 The key to success for the iterative process is the
nesses, and it is recommended that researchers acquire fpiy@se “good data.” Good data in this section comprises only
ability to use both techniques to ensure that the most reliabld1"€€ €élements:1j the use of sensors with well-established
results are obtained. If used properly and with sufficient,€SPONse functions~(8 % for spectrum-averaged cross sec-
high-quality data, the two methods will usually yield nearly the iOnS), @) @ sensor set that has good response over all the
same values for the primary integral parameters@ to 15 %).  Important regions of the spectrum, arﬁ)fufﬁment!y accurate
5.2.3 Appendix X1 and Appendix X2 discuss in some deta”measured responses (on the o_rdert@‘ %6). No d!rect use 1S
the implementation and the advantages and disadvantages rBiade of uncertainty data (vanan_ce and covariance '”fom?a'
the two approaches as represented by SAND Il and LSL-MZt.'On) that eX|st§ for each cross ;ecu_on, of uncertainty in the trial
If a choice must be made, then the analyst must understa ectrum, or In the uncertainties in the measured responses.
how the character of the experiment being conducted and th ese uncertainties can vary gfeat'y among Sensors or envi-
required results influence the choice the analyst should mak&onments. It _follows_that data with Igrge uncertainties ShOUId.
5.3 Iterative Code Characteristics not be_ used in the final stages of this methodology because it
5.3.1 The so-called “iterative” code uses a trial function®®" cripple the final results.
supplied by the analyst and integrates it over the responseNore 3—The reference to not using data with large uncertainties in the
functions of the sensors exposed in the unknown environmeritinal” stages of the spectrum determinations is intended to indicate that
to predict a set of calculated responses for comparison with thighcertain data can be very useful in the early stages in the analysis. For
measured values. The calculated responses are obtained frGffmPple. if the activity of a particular reaction is incompatible with the
Eq 1. The code obtains the response functions from a library. £ ther foils in th(_a §p_ectrur_n ad!u_str_nent process, it can indicate one of two
4 . P . Y4 portant possibilities. First, if it is a reaction whose energy-dependent
640 energy group (in the SAND II formafP) cross-section  ¢ross section is well known and has repeatedly demonstrated compatibility
library (4) based on ENDF/B-V data has been the communityin the past, an experimental or transcription error is suggested. Second, if
standard. Now new cross-section response functions, fronme activity measurement was accurately carriedwmimgmrss
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repeatedly demonstrated incompatibility in the same direction in othe(3) uses four data sets besides the activity and cross-section
spectra determinations in different environments, an incorrect crosgets required by SAND II. These are the trial function and the

SeCt'g” OFfEQeL%%}ip‘zfgfs g‘;‘éﬂgzg Cri't')tl)e“r’;t?”h:\r/':rt;ze':dffgsge q bvariance and covariance data for the first three sets mentioned
number o - . . . .
analysis of ingompatibility data, butpin the construction of the spectrumglready' _Althoth far more mformatlon is required, much more
these “bad” reactions should not be used with an iterative method thdpformat'on may be returned provided all Of these da_ta sets are
does not incorporate uncertainty data. properly represented. The LSL-M2 code finds a unique solu-
tion spectrum which is the most likely solution in the least-

squares sense using all the available information. The code,
therefore, allows not only the trial but also the activities and the
Rross sections to vary in a manner constrained by their
4l dividual uncertainties and correlations in order to find that

Hmst likely solution. In principle this approach is certainly the

5.4 Suitability of the Iterative Adjustment Codes
5.4.1 The characteristics of the iterative codes described i
5.3 indicate that they are most useful in transient radiatio
effects on electronics, TREE, testing environments. These ¢

to exhibit relatively short radiation periods that permit use of roper way to determine a spectrum and its uncertainties, but
many reactions (15 to 25) some of which have relatively short,g\ it the iterative approach some practical difficulties re-

half-lives. Furthermore, the possibility that the experimentermain_ The least-squares method is described more fully in
may have to contend with many and complicated environ-Guide E 944 and in Appendix X2.

ments, each of which must be characterized, may mean that5.5.2 Not all the variance and covariance matrix quantities
extensive transport calculations cannot be made, either because

of the expense or because the details of all the relevaln"j}re well determined and some have to be estimated. The

materials or dimensions in the environment are not Known. Inanalyst must then deal with the fact that his estimates of these

this case it can be very advantageous to be able to start Withq‘ijam't'es alifect his results. dein the f distributed b d
convenient and available trial function. It should be pointed out, 2->-3 NO least-squares code in the form distributed by code

that one cannot extrapolate a measured spectrum to that jpraries presently handles the eﬁects of covers over the foils
another location without a transport calculation. even though the use of covers is strongly recommended. See

5.4.2 The characteristic of iterative codes that only responséz'S'l' ) ) )
and standardized response-function data are required may be of-5-4 The code automatically weights the data according to
advantage for interlaboratory comparisons because no detailéficertainties. Therefore, data with large uncertainties can be
information about the environments need be exchanged. ~ Used in the analysis. _

5.4.3 SAND Il in its usual form does not have a capability 9-5.5 The trial spectrum shape must correspond fairly well
to weight the responses according to uncertainties, it does n& the final spectrum (within 1 or 2 standard deviations) if the
provide error or uncertainty analysis, and it does not usé€sults are to be reliabi®). Experience with this method has
variance or covariance information as discussed in the laghown that the trial spectrum can drive the spectrum determi-
paragraph. However, it is possible to assign errors in théation. See Re8.
spectrum in appropriate energy regions by making use of 5.5.6 The fact that a transport code prediction of the
perturbation analysis. (Also computerized perturbation angpectrum is usually required implies that this methodology is
random draw from response error may be utilized.) The analystseful for finding spectra at a different location than that in
perturbs the trial spectrum upwards and downwards in eacwhich the foils were exposed. If the LSL-M2 run verifies the
energy region and observes to what degree the code brings tkéal (by altering it only a minor amount), then the spectrum
two trials into agreement. This is, however, a laborious procesglight be satisfactorily calculated in a nearby or related
and has to be interpreted carefully. In the resonance regio@nvironment.
where foil responses are spiked, the code will only yield 5.5.7 The analyst must be careful that the input variances
agreement at resonances where there exists high response. Hml covariances, including those associated with the trial
analyst must not only interpolate the spectrum values betweefoinction are realistic. It is not sufficient to take statistical
high response regions but also the spectrum uncertainties. Thigoring errors from a Monte Carlo transport calculation and use
step with the uncertainties as discussed in 4.1.2 makes physidflese as a measure of the uncertainty in the trial spectrum. All
sense, but it is difficult to justify mathematically. This situation uncertainties, and in particular, uncertainties in the reactor
further supports the arguments for maximizing response cownodeling, material densities, and response functions should be
erage. In addition it is generally the uncertainties of integrakepresented in the input uncertainty. The value of the chi-
parameters that are of primary importance, not the uncertaintyquaredy?) parameter may be used as a good indication of the
of ®(E) at individual energy values. consistency of the input data (including the uncertainty data).

5.4.4 Covers are used over many of the foils to restrict the 5.6 Suitability of the Least-Squares Adjustment Ced&ge
response ranges, as is explained in Guide E 720. The SAND |éast-squares codes are particularly well suited to situations in
code in particular handles the attenuations in the covers in which the environment is fairly well characterized physically
simple manner by assuming exponential attenuation througso that a reasonable trial spectrum can be generated and in
the cover material. There is considerable evidence that foihich the activity is limited to a few foils (<10). All available
some spectra the calculated exponential attenuation is n@iformation must then be used. The LSL-M2 code was in fact
sufficient because of scattering. See Guide E 720. designed for the reactor pressure vessel surveillance program

5.5 Least-Squares Code Characteristics for which long exposures at low-irradiation levels often ex-

5.5.1 The least-squares-type code, represented by LSL-M&@ude the use of the many reactions a@%mﬁ@ﬁ{g
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