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For the past three years neutron-induced gamma-ray production cross sections have
been wade for a variety of elements at the Oak Ridge Electron Linear Accelerator. A
Urge, well shielded, Nal spectrometer was used as the gamma-ray detector and ORELA as
the neutron source. The facility provides a consistent data set for neutron energies
from 0.7 to ZO MeV and photon energies from 0.3 to 10.5 MeV. Typically the samples
are flat plates of the element of % o.oz atoms/barn thickness, although several ele-
ments studied required samples in compound form. The data are accumulated in a two-
parameter array, gamma-ray pulse height versus neutron time-of-flight. Data reduction
was accomplished by binning in desired neutron-energy groups and in fixed photon-
energy groups. For each neutron-energy group the data were unfolded using FERD unfold-
ing routine, and the results are in the form of absolute differential cross sections,
d2o/dwlE. for each photon-energy bin. So far data have been obtained for 20 elements
(Li, C, N, 0, F, Kg, Al, Si, Ca, Fe, Ni, Cu, Zn, Nb, Ag, Sn, Ta, W, Au, and Pb).

[Cross sections, photon energy, (n,xy)]

Introduction

There are many applications in the areas weapons
effects, fission and fusion reactor shield design, and
material selection for which neutron-induced gamma-ray
production cross sections are required. For example,
accurate cross sections are needed to permit the calcu-
lation of radiation fields through and around shields
and structural components. In addition data of this
type are employed in the calculation of the secondary
heating of structural components and control elec-
tronics. Finally the cross sections are useful in
establishing limits for secondary neutron production
from the (n.np) and (n.pn) reactions. The present
series of experiments were directed toward obtaining a
complete and consistent data set for neutron energies
from, 700 keV to 20 HeV and for photon energies from
300 keV to 10.5 MeV. Ultimately, the measured cross
sections serve as the basis for establishing an evalu-
ated gajnna-ray file in the ENOF data compilation.

Experimental Methods and Data Reduction

For many applications, the detailed information on
the deexcitation of each of the individual levels
excited in the (n.x-y) reaction is neither required nor
desired. Thus, to satisfy the requests1 for gamma-ray
production cross sections a facility has been set up at
the Shield Test Station of the Oak Ridge Electron
Linear Accelerator (ORELA) to accumulate data for a
variety of elements. Basically the system consists of
a Nal gamma-ray spectrometer, a computer for data
accumulation and storage, and ORELA as the neutron
source. A detailed description of the experimental
facility, data accumulation, and data reduction tech-
niques has been presented elsewhere2 and ws shall pre-
sent here only a brief discussion.

Neutrons produced by bremsstrahlung in the tanta-
lum linac target traversed a 47-meter flight path,
approximately 40 m of which was niaintain d under vacuum
to both increase the neutron intensity at the target
and to reduce the effect of scattering resonance: in
air on the flux. For most of the data reported here
the pulse width was on the order of 10 nsec with some
of the data being taken with longer as well as shorter
widths. The beam size at the target was limited by
collimators to approximately 15-cm dia. Target samples
were typically plates of the natural element measuring
30 x 30 cm and about 0.02 atoms/barn thick. Gamna rays
from the target ware observed in a 12.7 cm dia x 12.7
cm Nal crystal located in a shield and behind collima-
tcr made of lead and lithiated paraffin. The detector
was shielded from scattered neutrons by a 25 cm thick

slab of lithium hydride placed in front of the detector.
The neutron flux at tha target was measured by using a
NE-213 scintillator counter for energies above 1 MeV
and a NE-110 detector below 1 MeV.

Digitized time-of-flight and pulse height signals
were presented to a PDP-9 computer which correlated5

the events and sent the pairs to the ORELA-SEL-81OB
computer for storage in a 256 x 500 channel PH vs TOF
array. The data from individual runs were summed and
background subtractions performed. The data were then
binned in both neutron and gamma-ray energy intervals.
The binned pulse height data were then unfolded with the
code FERD1* using the measured detector response matrix.
Corrections were then applied for neutron and gamma-ray
attenuation in the target. The final results for the
double differential cross section, dzo/dftdE vs E , were
then made absolute from the knowledge of the neutron
flux and the sample thickness. In addition the inte-
grated cross section, da/da us E , were obtained for
those gamma-rays above 0.7 MeV.

Results and Discussion

In this section we will present a portion of the
data which have been accumulated and reduced. The sam-
ple elements which are included are ft, 0, F, Mg, Al, Si,
Ca, Fe, Ni, Cu, Zn, Nb, Ag, Sn, Ta, U, Au, and Pb.
Table 1 lists the angle at which the experiments were
performed and the appropriate references where the
tabular data are available. In addition, the data are
contained in the NNCSC. The first two figures, Figs. 1
and 2, are isometric representations of the double dif-
ferential cross section for a light nucleus, aluminum,
and a heavy one, tantalum, at 6 = 125 deg. The error
bars shown do not include the uncertainty in absolute
normalization which is estimated to be 10%. The data
are shown as a function of incident neutron energy at
the center of the neutron energy bin. As might be
expected, the light nucleus shows several strong dis-
crete gamma-ray lines whereas the heavy nucleus,
because of the higher density of states, is relatively
smooth.

To summarize and show the systematics of the data
the cross sections for all of the elements studied for
particular neutron energy bins are shown in Figs. 3-5.
The three energy bins selected are 1.0-1.5 MeV, 5-6 MeV,
and of particular interest in CTR work 12-14 MeV. The
effect of the onset of the inelastic scattering mecha-
nism is clearly seen by comparing the figures. Also
evident is the spectral differences in the region of
magic numbers.



The integrated cross section, for gamma-rays hav-
ing energies greater than 0.7 MeV for most of tha
elements studied is shown in Fig. 6. The decrease in
gamma-ray production cross sections above ̂  5-8 MeV can
be understood in terms of the opening of the (n,2n)
channel. This reaction populates low-lying levels in
the residual nucleus with small gamma-ray multiplici-
ties. The second break in the yield discernable in the
heavy elements at about En ̂  15 MeV is the result of
the opening of the (n,3n) reaction channel. On the
average, the gamma-ray production cross sections show a
relatively smooth increase as a function of increasing
atomic number. Data were also obtained at 8 = 90 deg
for most of the higher elements. For all but the very
lightest these data are essentially equal to the 125
deg results indicating that to a good approximation the
angular distributions are isotropic.

In addition to the nuclei specified above similar
studies are scheduled for the elements of V, Or, and Ho.
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Table 1. ORNL (n.xy) Measurements 1971-1974.

Element

Li
C
N
0
F

Hg
Al
Si
Ca
Fe
Hi
Cu
Zn
Nb
Ag
Sn
Ta
W
An
Pb

90°

X
X
X

X
X
X

X

X

Angle
125°

X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X

Used by
Evaluator

N
Y
Y
N
Y
N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
N

Report

TM-4538
TM-3702

ORNL-4864
In Preparation

TM-4538
TM-4544
TM-4232
TM-4389
TM-4252

In Preparation
TM-4379

ORNL-4846
TM-4464

In Preparation
In Preparation

TM-4406
TM-3702

ORNL-4847
In Preparation

TM-4822
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Figure 1. Isometric representation
of the Al(n,xy) cross section at
6Y = 125 deg. The error bars do
not include the uncertainty in
absolute normalization which is
estimated to be 10a. Note that the
solid line in the figure is drawn
through the top of the error bars
as a guide to the eye.
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Figure 2. Isometric representation
of the Al(n,xy) + Ta(n,xy) cross sec-
tion at 9V = 125 deg. The error bars
do not include the uncertainty in
absolute normalization which is esti-
mated to be 10%. Note that the solid
line in the figure is drawn through
the top of the error bars as a guide
to the eye.

Figure 3. Double differential cross
sections for the (n,xy) reaction on
the elements studied to date. The
curves are lines through the data
points for the neutron energy bin
1.0-1.5 HeV.

Figure 4. Double differential cross
sections for the (n,xy) reaction on
the elements studied to date. The
curves are lines through the data
points for the neutron energy bin
1.0-1.5 •*• 5.0-6.0 HeV.
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Figure 5. Double differential cross
sections for the (n,xy) reaction on
the elements studied to date. The
curves are lines through the data
points ;or the neutron energy bin
1.0-1.5 - 12.0-14.0 MeV.

Figure 6. Integrated gamma-ray pro-
duction cross sections for the {n,x-y)
reaction for Ey greater than 0.7 MeV
on a variety of target elements.


