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Abstract: Gamma-ray production cross sections have been measured for‘structura1 and
shieTding materials such as Al, Si, Fe, _Pb and_Bi at a neutron incident energy of

7.8 MeV. Neutrons were produced by the

celerator.

24(d,n)3He reaction at the JAERI Tandem Ac-
Emitted gamma-rays were measured with a 7.6 cm diameter x 15 cm long

NaI{(T1) detector surrounded by an 25.4 cm diameter x 25.4 cm long annular NaI{T1)

detector.
by the scattered neutrons.

The time-of-flight technique was used to eliminate the background caused
In addition to corrections for neutron multiple scatter-

ing and gamma-ray self-shielding, special attention was paid to make an accurate
correction for gamma-rays emitted due to Compton scattering in the samples. This
effect appears to increase the observed Tow energy parts of the gamma-ray spectra by

as much as 40 % in our samples.

The measured results were compared with existing

data and with the new evaluated data JENDL-3T based on the multi-step Hauser Fesh-

bach calculation.

(Gamma-Rays production cross sections, Al, Si, Fe, Pb, Bi, En = 7.8 MeV, Tandem,

Nal, Anti-Compton detector, Unfolding)

Introduction

Gamma-ray production cross sections are
necessary to calculate the radiation shielding
and the gamma-ray heating both for fission and
fusion reactors. Experimental data measured
using monoenergetic neutron sources are scarce
especially in the energy range between 5 to 14
MeV, where adequate neutron sources have not been
available. In most of the previous experiments
with monoenergetic sources, only discrete gamma -
rays have been measured for basic nuclear physics
research below about 5 MeV. One of several ex-
ceptional works for applied purposes with con-
tinuum gamma-rays was made by Drake et al. from
4.00 to 7.67 Mev/1/.

Measurements to obtain whole gamma-ray
spectra including the continuum part have been
carried out mainly with the white neutron source
using the electron linear accelerator ORELA by
Dickens et al./2/. Their values are quite com-
prehensive with respect to the range of nuclear
elements and the energy region which covered 2= 3
to 82 and En = 0.1 to 20 MeV, respectively.
Their neutron energy spread, however, was usually
very wide due to the low counting statistics
especially in the high energy region.

The accuracy of the low energy part of the
existing gamma-ray spectrum data has been some-
what questionable due to the various sample size
corrections needed for neutron multiple-
scattering, gamma-ray self-shielding and secon-
dary gamma-rays emitted due to Compton scattering
in the sample. It has been pointed out that to-
tal gamma-ray production cross sections dis-
agreed with the evaluation based on theoretical
calculations for some elements, where low energy
parts have significant contributions.
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Fig. 1 Experimental arrangerent

For the evaluation of JENDL-3 {Japanese
Evaluated Nuclear Data Library - version 3), the
gamma-ray production cross sections for several
important nuclei of structural and shielding
materials have been newly evaluated. The multi-
step Hauser Feshbach code such as GNASH/3/ has
been used to calculate cross sections. The
evaluated results have now being tested with
gamma-ray data as well as neutron data.

Our aims in this experiment are to provide
accurate gamma-ray production data for applied
purposes in the MeY region with higher neutron
energy resolution and better low energy gamma-ray
spectra.

Experiment

The experimental arrangement is_shown _in
Fig. 1. Neutrons were produced by the 2H(d,n)3He
reaction. The in-terminal ion source of the
JAERI Tandem accelerator was used to extract a
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Fig. 2 Eaxmple of raw data of gamma-ray pulse
height spectra for Si(n,n' )

deuteron beam bombarding a 3 cm long pressurized
(0.2 MPa) deuterium target. A 5 MeV deuteron
beam was accelerated for our experiment where the
effects of break-up neutrons could be ignored.
The average beam current and pulse width were 0.5
UA and 4 ns, respectively, at a 2 MHz repetition
rate. The size of all samples used was 3cm
diameter x 3 cm long.

Gamma-ray spectra were measured with a 7.6
cm diameter x 15.2 cm long NaI(T1) detector,
which was surrounded by a 25.4 cm diameter x 25.4
cm Tong NaI(T1) annular detector. These two
detectors were operated in an anti-coincidence
mode to suppress the Compton backgrounds in the
Nal detector and neutron capture gamma-rays in
the vicinity of the detector. The detector
shield was made out of lead and borated paraffin
and the iron shadow bar was also placed between
the gas target and the gamma-ray detectors. The
whole detector system could be rotated around the
sample to measure the gamma-ray angular depen-
dence. The sample was placed at a distance of
9.8 cm from the neutron target and the gamma-ray
detector was located at about 80 cm from the
sampie. In the present experiment, only data
taken at a 90 degree have been analyzed.

Four data sets for each sample were measured
to determine the backgrounds with the following
conditions; the sample inserted and removed from
the sample position and H gas filled and
removed from the gas cell. The time-of-flight
technique of the gamma-ray detection was used to
separate the net count of prompt gamma-rays
(gamma-gate) from the time dependent background
(neutron-gate) due to capture gamma-rays by slow-
ing down neutrons and the time independent con-
stant backgrounds (bkg-gate).

The neutron spectra were also measured at
the same time employing a 5 cm diameter x 1.27 cm
thick NE213 detector located at a distance of
3.74 m from the neutron source and at an angle of
58.7 degree with respect to the deuteron beam
line. The angular distribution of d-d neutrons
s known to be relatively flat at this angle/4/.

Analysis

The response function of this anti-Compton
Nal detector was determined to obtain the aba
solute gamma-ray yields. seyeral standar
gamma-~ray sources such as, Ig‘;(:s, %%Co, 8<;8Y, gaNa
and ¢iNa were used to examine the response func-
tion. The spectra were also obtained for the

4.43 MeV gamma-rays froq_the 12¢(n,n') and the
6.1 Mev gamma-rays from 6O(n,n‘) reactions. The
raw data of the gamma-ray pulse height spectra
(gamma-gate) for Si are shown in Fig. 2 together
with the spectra of a neutron (neutron-gate) and
constant background (bkg-gate). The discrete
gamma-ray peak observed in the background is_ihe
1.78 MeV gamma-ray from the beta-decay of 28p
ggth the2 alf life of 2.2 min. produced by

Si{n,p)“°Al reaction. Several discrete gamma-
ray peaks are observed in the gamma-gate data
above the continuum part of the spectrum as shown
in the figure. After subtracting the back-
grounds, the gamma-ray spectra were unfolded
using the computer program FERDOR/5/.

The absolute neutron intensity was calcu-
lated from the evaluated values of the d-d cross
section compiled by Liskien and Paulsen/4/ taking
into account the angular distributions of emitted
neutrons since the sample position is close to
the target. The angular distribution of neutron
source could not be ignored.

Sample size correction

In general, a large sample size is needed
for measurements of gamma-ray production cross
sections, in order to decrease counting statistic
uncertainty of raw data. However, the correc-
tions for absorption and multiple scattering both
for neutrons and gamma-rays in the sample become
large as the sample size increases. Accurate
determination of these corrections requires
precise knowledge of behaviors for neutrons and
gamma-rays which are dependent on the neutron and
gamma-ray cross sections and angular distribu-
tions. The calculations for these correction are
usually carried out by a Monte carlo method be-
cause the analytical solution is very compli-
cated.

The computer programs MNSCAT and COMPCALC
were newly prepared for these calculations. The
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Fig. 3 Sample size corrections for gamma-ray
spectra of Si
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Fig. 4 Sample size corrections for gamma-ray
spectra of Pb

neutron transport calculation code (MNSCAT) fol-
lows the procedure originally developed by
Smith/6/ by expanding it for 3-dimensional treat-
ment. The scattering sample is assumed to be a
right circular cylinder centered on the beam
line. The sample is divided into several cells
vertically and horizontally. Evaluated macro-
scopic scattering and capture cross sections are
used in the calculation for the neutron energy
degradation and absorption at the sample posi-
tion. The effects of other non-elastic reactions
are also considered when they are significant.
Neutrons scattered at a position and in the new
direction were chosen by a random number method
for each cell, assuming isotropic scattering.
The neutron yield from the entire sample is com-
puted by summing the contribution from various
portions of the sample cells.

For the gamma-ray transport calculations,

the program COMPCALC was newly developed. Gamma-
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Fig. 5 Comparison of the present results with
the data of ORELA and JENDL-3T for Al

ray spectra are simulated with a Monte Carlo cal-
culation by taking into account gamma-ray absorp-
tion and Compton scattering in the samples. The
angular distributions for gamma-ray emission are
assumed to be isotropic. The correction factor
was calculated jteratively until simulated
spectra represent well the observed results.
The initial guess of the spectra is assumed to
have an evaporation shape originally proposed by
Howerton and Plechaty/7/ and weighted by the
neutron intensities for each sample cell calcu-
lated by the MNSCAT.

The calculated results are shown in Figs. 3-
4 for Si and Pb which represent the examples for
light and heavy elements. The dashed line shows
the uncorrected observed cross section, the
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Fig. 6 Comparison of the present results wi?h
the data of ORELA and JENDL-3T for Si
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Fig. 7 Comparison of the present results with
the data of ORELA and JENDL-3T for Fe
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dotted line the one for which only the usual
gamma-ray absorption corrections are carried out,
and the solid Tine is the final results after
correcting the Compton scattering effects.
While the correction factors for Compton scatter-
ing both for Tight and heavy elements are negli-
gible in the high energy region, they become
as much as 40 % in the low energy region as shown
in the figures.

Results and Discussion

The results are shown in Figs. 5-9, together
with the data taken at ORELA/8-11/. Data for Bi
were not available previously. The overall
agreement of our spectral shapes for the all
samples with the ORELA data seems quite good.
Though detailed comparisons between the existing
data have not been made, the peak areas in the
low energy parts of the present result are
generally lower than the previous results espe-
cially for the data taken at 7.67 MeV by Drake
et al./1/. This may be partly affected by the
difference of the sample size correction methods.
A series of measurements with a Ge(Li) detector
was also carried out by Dickens et al./12/ who
used the d-d neutron source at ORNL. The com-
parisons with their data for discrete gamma-rays
were made at 90 degree. Reasonable agreement was
obtained, although there exist some difficulties
for comparisons because of the difference of the
energy resolution.

The data which were stored in JENDL-3T
(temporary version)/13/, were also compared and
checked with the present results. Because an-
gular distributions for the gamma-ray spectrum
are assumed isotropic for most nuclei in the
JENDL-3T, evaluated spectra were simply divided
by 4 pi for comparison. The evaluations repre-
sent the present experimental data reasonably
well. However, the energy bin of 0.5 MeV for the
evaluations in some cases appears to be too broad
so that the several discrete peaks in the low
energy regions are smeared out. Data on gamma-

— O _’ i
% 10 ?% Pb =
= F 3
< i 8 3
~ 10 L1H -
2 10 E E
= i -
O -
-= 10 2 E E
f—) C | .
D N Y -
o) - ﬁf ]
|9 |
_3 N n
s (U
wn C 7
8 B a ORNL T i
o - ENDL-3T
10 4 - 1J

= o Present

:J; { | { |

0 2 4 6 38 10

Gamma-Ray Energy (MeV)

Fig. 8 Comparison of the present results with
the data of ORELA and JENDL-3T for Pb

rays resulting from these reactions allow
evaluators to check the validity of various reac-
tion models to calculate these cross sections.

Summary

Gamma-ray production cross sections have
been measured for structural and shielding
materials of Al, Si, Fe, Pb and Bi. The overall
agreement between the present data and previously
available data is good. In our data, corrections
for the effect due to the Compton scattering in
the sample were made in the gamma-ray low energy
region. Qur data are compared to the newly
evaluated JENDL-3T based on the multi-step
Hauser Feshbach calculation. OQur data were used
to improve the quality of the evaluated file.
The gamma-ray spectra at a neutron energy of 11
MeV have been measured but not analyzed yet.
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Fig. 9 Gamma-ray spectra for Bi
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