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ABSTRACT

Neutron activation rates are calculated from measured
gamma-ray spectral data obtained from calibrated lithium
drifted germanium [Ge(Li)] detectors. The calibration tech-
niques, which include energy, efficiency, pulse height ana-
lyzer data reduction, and geometry factors, are discussed.
Problems encountered when analyzing highly radioactive sam-
ples, specifically random coincidence summing, sample size,
air absorption, and use of absorbers, are also discussed
briefly. To illustrate the accuracy achievable, the reduc-
tion of gamma-ray spectral data and the calculation of reac-
tion rates by three independent laboratories are presented
for both fission and nonfission foils to a precision of
±1-2% (la). The application of these neutron activation
rates to neutron dosimetry is discussed. An unfolded neutron
spectrum is illustrated, along with energy sensitivity limits
for many reactions of dosimetry interest.

INTRODUCTION

The Analytical Chemistry Laboratory (ACL) of Argonne
National Laboratory (ANL) is playing a significant role in
providing accurate neutron dosimetry measurements in support
of national fast reactor and fusion reactor programs. In
order to provide reliable foil reaction rates necessary for
neutron dosimetry, considerable care must be taken in cali-
bration methods. Recognizing the need for the capability of
determining consistent and reliable experimental values for
reaction rates, the USAEC. in 1971, established the



Interlaboratory LMFBR Reaction Kate (ILRR) program.1'2 The
initial goal of this program was an accuracy to better than
±5% at: the 95% confidence level for the principal fission re-
actions, namely 2 ^ U , 2 3 % , and 239Pu. Accurate measurement
of other fission and nonfission reactions were required, but
to a lesser accuracy—between ±5 and 10% at the 95% confi-
dence level. Argonne National Laboratory was one of eight
laboratories participating in this program. Others included
Oak Ridge National Laboratory, Hanford Engineering Development
Laboratory, National Bureau of Standards, Aerojet Nuclear
Company, Los Alamos Scientific Laboratory, Atlantic Richfield
Hanford Company, and Atomics International.

To achieve the accuracy required by ILRR, detailed eval-
uation of the radioinetric method, which depends upon absolute
gamma counting by means of Ge(Li) detectors was required.
Presented are the detector calibration techniques,' correc-
tions used in adjusting the counting data, and the results of
an interlaboratory comparison of both fission and nonfission
reaction rates.

EQUIPMENT

The ACL utilizes three Ge(Li) detectors, each with a
relative efficiency of about 8% and a resolution of about
2.0 KeV for the 1.33-MeV line of 60Co. The detectors are
connected to either a 4096-channel, computer-assisted pulse-
ht.ight analyzer or to computers that have been programmed to
operate as pulse-height analyzers. Besides collecting a
4096-channel spectrum for two Ge(Li) detectors simultaneously,
:he computer system allows control of an automatic, sample
changer and on-line data analysis. Both analyzer systems
are equipped with a read-write magretic tape data storage
capability for off-line computer & alysis of the Ge(Li)
gamma-ray spectra.

DETECTOR CALIBRATION

The largest uncertainty in gamma-ray counting generally
resides in the detector efficiency versus gamma-ray energy
calibration. Absolute gamma-ray standards are obtained for
detector calibration from the National Bureau of Standards
and Amersham-Searle Corporation.* Their disintegration rates
are typically determined by 411 beta counting or coincidence
techniques. In general, the precision between duplicate
absolute standards has been ±1.2% and the quoted accuracy

*Amersham-Searle Corporation, Des Plaines, 111., 60005.



ranges from 0.8 to 2.9%. The absolute efficiency calibration
of each detector is determined at a fixed position 10 or 20
centimeters from the cryostat face, and all detectors are
intercalibrated in an energy range from 0.1 to 2.0 MeV.

The values for efficiency versus gamma-ray energy deter-
mined at the absolutely calibrated position are fit to a
fifth order polynomial, the coefficients of which are used
in a computer analysis program for determining the efficiency
of any gamma-ray within the energy range of calibration. The
same computer code for analyzing Ge(Li) spectra is used both
for unknown samples and for detector calibration. This as-
sures that each unknown spectrum will be analyzed in the same
manner as the standards used for calibration.

The ACL counts samples whose activities vary by several
orders of magnitude; therefore, it is necessary to' calibrate
counting positions (shelves) at distances ranging from 5 to
500 centimeters from the detector. Absolute calibration at
each position is impractical because of the large number of
varying standard source strengths that would be required.
Our approach is to relate all geometry positions to the ab-
solutely calibrated position by shelf factors. From the rel-
ative count rates of 32 gamma-ray energies ranging from 0.122
to 1.8 MeV, shelf factors for 11 different positions have
been established. A weighted least squares fit of these data
indicates that for distances between 5 and 80 centimeters a
constant shelf factor can be used with an accuracy within
±1%. At distances greater than 80 centimeters, the deviation
of the shelf factor with energy is characteristic of air ab-
sorption. After applying air-absorption corrections, the
shelf factor is independent of energy to better than 1%.

The use of various geometry positions enables counting
at rates below 2000 counts per second, and thus avoids common
problems associated with random summing, gain shifts, resolu-
tion degradation, etc.

CORRECTIONS

Many of the samples that are counted require several
corrections to the Ge(Li) data. Gamma-ray self-absorption
corrections are necessary for thick samples or heavy-element
samples for which the linear absorption coefficient is large.
For most cases, the first order approximation may be used:

j = T i - - exp(-ypx)'

UPx



where I is the observed intensity of the gamma-ray, Io is the
desired intensity, x is the thickness of the sample in centi-
meters, p is the density of the sample in g/cc, and y is the
mass absorption coefficient in cm . In the case of wire
dosimeters, self-absorption corrections are determined by the
first order approximation:

(2) I = Io exp(- £ y R)

where R is the wire radius, in centimeters. This approxima-
tion is valid if yR < 0.1 and R is very small compared with
the source-to-detector distance. Samples that contain cer-
tain fission products with significant beta activity or those
that contain many low-energy gamma-rays are usually counted
through external absorbers. External absorber corrections
are made by the equation:

(3) I - I o exp(-upx)

This equation is also used for correction of absorption due
to encapsulation and for making air absorption corrections
for samples counted at a source-to-detector distance of >80
centimeters.

Since our detectors are calibrated with "point-source,
zero-thickness" standards, corrections must be made for sam-
ples that are large in diameter and/or relatively thick. The
closer such a sample is to the detector, the greater this
correction. Jaffey3 has mathematically addressed the magni-
tudes of these sample size and thickness corrections. Thus,
by knowing the Ge(Li) detector size and the location of the
detector in the cryostat, one can use this mathematical ap-
proach to determine the necessary sample-related corrections.

DATA ANALYSIS

The computer code used in the analysis of Ge(Li) spectra
is a modified version of GAMANAL written by R. Gunnink
et al.1*'5 Basically, the code locates peaks within the spec-
trum by describing a tangent to the peak and noting where the
tangent changes signs. Peak boundaries are determined by
noting the forward and backward direction where the slope of
the peak either levels off or changes signs. If an overlap
of several peaks occurs, the boundaries are determined in the
same manner, but after the last peak of the cluster. Back-
ground is determined by subtracting the area under the defined
boundaries from the gross counts under the peak. A statisti-
cal uncertainty is then assigned to the net count under the



peak. Peak energies are determined by relating the peak
position or channel number to a unique polynomial equation
which describes the nonlinearity of the counting system.

An auxiliary library program provides information on
nuclide numbers, half-lives, parent-daughter relationships,
accurate gamma-ray energies and intensities, efficiency cal-
ibrations, and geometry factors. From this information,
counts per minute are converted to photons per minute, peaks
are identified, disintegrations per minute are calculated,
and confidence levels are assigned. The success of this code
depends primarily upon accurate energy versus efficiency cal-
ibration and accurate nuclear data, namely, gamma-ray ener-
gies and intensities.

RESULTS

Reaction rates were determined by three independent lab-
oratories on both nonfission and fission dosimeters. Each
laboratory had its own set of dosimeters of common origin
which were irradiated in a fast-flux reactor under nearly
identical conditions. All participating laboratories agreed
to use the same gamma-ray intensities and half-lives in their
calculations. The resulting radioactive products had gamma-
ray energies ranging from 178 KeV to 1596 KeV with the major-
ity of the gamma-rays possessing different energies than
those of the primary standards used in the detector calibra-
tions. All of the samples counted by our laboratory were
counted to better than 1% statistics on three different de-
tectors. These results were then averaged to obtain the best
possible reaction rate. A composite of results for the three
laboratories for both types of dosimeters is summarized in
Tables 1 and 2.

The quoted uncertainties (given in percent) are each
laboratory's estimates of the absolute uncertainties on its
measurements. In our uncertainty analysis, we have included
detector efficiency, gamma-ray intensity, half-life, preci-
sion, self-absorption corrections, external absorber correc-
tions and counting statistics. The most significantly vary-
ing uncertainty was found to be associated with the absolute
uncertainty in the gamma-ray intensity, the second most sig-
nificant uncertainty being the detector calibration. Even
with this type of uncertainty assessment, the data from all
laboratories are remarkably consistent. The average value
given in the tables represents the mean of the results from
the three reporting laboratories. No considerations have
been given to the individual laboratory's estimated absolute
uncertainties in determining this mean. Therefore, the



Table I. Interlaboratory Comparison of
Fission-Product Reaction Rates

Reaction

Reaction Rate atoms•atom"*•s"*)

Lab A(±%)a Lab B(±%)a Lab C(+%)a Avg.±la(%)b

235U(n,f)llf0Ba-La
103
95

Ru
Zr

238U(n,f)1It0Ba-La
103Ru

95Zr

239Pu(n,f)11+0Ba-La103
95

Ru
Zr

237Np(n,f)140Ba-La
103Ru

95Zr

6.64±2.1
3.70+4.0
7.13±2.4

.250+2.1

.270±4.0

.2.13±2.4

7.00+2.8
9.57+4.0
6.35+2.4

1.96+3.3
2.04+4.1
2.12±3.8

6.75+1.7
3.75+3.8
7.17±1.9

.250+1.7

.265+3.8

.213±1.9

7.11±1.6
9.36+3.8
6.4011.9

2.07±1.9
2.18±4.8
.2.09+2.5

6.8612.0
3.81+3.9
7.18+2.7

.25311.9

.26314.2

.224+2.0

7.13+1.9
9.51+4.1
6.41+2.2

6.75+1.6
3.75+1.5
7.16+0.4

.25110.7

.26611.4

.217+2.9

7.0811.0
9.48±1.1
6.3910.5

2.0213.9
2.11+4.7
2.11+1.0

Estimated absolute uncertainty,

'standard deviation.

Table II. Interlaboratory Comparison of
Nonfission Reaction Rates

l97Au(n)Y)198Au
S8Ni(n,p)58Co
51>'Fe(n,p)5ItMn
58Fe(n,Y)59Fe
^ScCn.Y^Sc
l t6Ti(n,p) l t6Sc
4 7Ti(n,p)4 7Sc
238U(n,Y)239Np

Reaction

Lab A(±%)a

19.012.6
1.32+2.3
.979+2.7'
.329+4.3
1.46+3.7
.137+3.0
.239±4.8
11.913.8

Rate (10~15 atoms-atom 1«s l)

Lab B(+%)a

18.711.8
1.34+1.6
.986+2.3
.33414.0
1.4411.6
.14312.8
.227+4.3
12.412.2

Lab C(+%)a

19.0+1.3
1.34+1.9
.97512.5
.34013.8
1.45+2.1
.14313.1
.231+4.0
12.112.8

Avg.ilCT(%)b

18.910.9
1.33+0.9
.980+0.6
.33411.6
1.45+0.7
.14112.5
.232±2.6
12.112.1

Estimated absolute uncertainty.
aStandard deviation.



uncertainty represents solely the standard deviation of the
mean, or a measure of the precision of the results and not a
measure of accuracy.

DOSIMETRY APPLICATION

The term neutron dosimetry, as used in this work, is
defined as the technique of characterizing the magnitude and
the energy distribution of a neutron flux. Of the various
dosimetry methods available, the multiple foil activation
method is best suited to high intensity neutron environments,
such as mixed fission reactors (ORR), fast reactors (EBR-II),
T(d,n) sources (RTNS-I), and Be(d,n) sources. For conven-
ience, consider dosimetry divided into two phases; the first
consisting of foil activation-rate measurements and the
second, methods for determining the flux, fluence and spectral
shape from the activation-rate data. As was presented, mea-
surements of activation data can be made relatively precise
and accurate. However, the methods used to deduce flux and
spectral information require assumptions and data which can
result in uncertainties far greater than those associated
with the reaction-rate data.

The principle of the foil activation method can be ex-
pressed in the form:

<»

(4) A i = / <KE)<VE>dE i = 1 . 2 , 3 . . . n

where A^ is the saturated activity of a particular foil i,
(j>(E) is the unknown neutron flux, and c^(E) is the cross sec-
tion for the reaction under consideration. The product of
<j£(E)<j>(E) defines the sensitivity region of the reaction for
the measured flux. If the differential (point-wise energy
dependent) cross sections are well known for each foil reac-
tion over the energy range of their sensitivity and a good
approximation (physics calculation) of the neutron spectrum
is available, then the unknown neutron spectrum can be un-
folded using appropriate computer algorithms and numerous
iterations. Computer codes which are commonly used to per-
form this analysis include SAND-II,6 SPECTRA,7 and CRYSTAL-
BALL.8 Illustrated in Figurelisan unfolded Be(d,n) neutron
spectrum obtained from 27 foil reaction rates. The solid
lines represent the 90% sensitivity limits of the various
reactions. Neutrons were generated by stopping 16-MeV deu-
terons within a thick beryllium target. Foils were located
at 2.01 cm from the target face and at zero degrees to the
incident deuteron beam. Input neutron spectra for the SAND-II
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Figure 1. Be(d,n) Neutron Spectrum Unfolded
from 27 Foil Reaction Rates.

code were obtained experimentally by the time-of-flight. (TOF)
technique.

SAND-II is the analysis code used most frequently in our
laboratory. However, a relatively new code, STAY'SL,9 which
obtains the neutron distribution, as well as uncertainty es-
timates, is currently being tested and appears to have some
advantages. Currently, in our laboratory, uncertainties on
the experimental neutron distribution are obtained from the
code SANDANL,10 which consists of Monte Carlo analysis of
estimated uncertainties on cross sections, input neutron
spectra, and reaction rates. Until recently, reaction cross
sections were considered to be the greatest contributor to
neutron distribution uncertainties, especially at higher neu-
tron energies (>20 MeV) where differential cross section data
are sparse. Recent work 1 1' 1 2 using Be(d,n) sources for the
integral testing of reaction cross section data has indicated
that integral cross sections most common to dosimetry are ac-
curate to about ±10%. It is our opinion that uncertainties
in the input neutron distribution used in the computer code
analysis contribute most significantly to the uncertainty of
the measured neutron distribution.
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