PHYSICAL REVIEW VOLUME

116,

NUMBER 4 NOVEMBER 15, 1959

Calculations of Neutron Capture Cross Sections™
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Neutron capture cross sections are calculated for a number of target nuclei using the statistical theory
of nuclear reactions. These calculations are compared with experiment. The different shapes of these capture
cross sections as a function of energy are explained in terms of the effect of higher incident neutron partial
waves and the competition from inelastic scattering. Using the measured capture sections it is seen that
considerable information can be extracted concerning properties of the target and compound nuclei.

INTRODUCTION

HE statistical theory of nuclear reactions has

proved very successful in predicting neutron
cross sections in the energy region up to a few Mev for
heavy target nuclei. The general theory has been
presented by Wolfenstein! and specialized for the case
of inelastic scattering processes by Feshbach and
Hauser? and for capture processes by Margolis.®? A
refinement of the theory has been made by Dresner*
which is especially important when one has to consider
only a small number of neutron channels.

In the statistical theory, nuclear reactions are
described following the Bohr assumption. There is a
probability for compound nucleus formation and a
subsequent independent probability for decay through
the various open channels. It is assumed that at any
energy there are compound states of all angular
momenta and both parities available, these being of
high density and of random phases so that one can
neglect interference terms.

The purpose of this paper is to make a detailed
comparison with experiment of calculations of neutron
capture cross sections. The theory involved has been
described in detail in reference 3 and in papers by
Rae, Margolis, and Troubetzkoy® and Lynn and Lane.®

THEORY AND DISCUSSION

Since the appropriate formulas have been written
down in detail in the references given above®® we will

content ourselves here with a qualitative formula. .

The cross section for neutron capture is essentially of
the form
o=aJ1,/T,
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where o, is the cross section for compound nucleus
formation, I'y is the capture width and I' the total
width for decay of the compound nucleus. The quantita-
tive formulas involve sums over contributions from the
different partial waves.

Figures 1, 2, and 3 show theoretical fits to the
measurements of Johnsrud, Silbert, and Barschall?
for the target elements As’, Mo, Agl%’ Wi and
Au". This group has measured capture cross sections
for a great many target nuclei using activation tech-
niques. The cases considered were selected for analysis
for several reasons. They cover a considerable range of
the periodic table, by and large the parameters needed
to calculate the cross sections are known, and the
cross sections show a variety of shapes as a function of
energy.
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Fic. 1. Calculated neutron capture cross sections for As?5,
Ag® and W86 together with measurements of Johnsrud, Silbert,
and Barschall.” The energies, spins, and parities of excited states
of the target are given along the energy abscissa. For As’ the
partial wave cross sections up to /=2 are also plotted.

7 Johnsrud, Silbert, and Barschall, preceding paper [Phys. Rev.
116, 927 (1959)7].
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Fic. 2. Calculated neu-
tron capture cross section
for Mo together with

o’ measurements of reference
2 98 7. The different branches
2] of the curve above neutron

energy E=500 kev corre-
spond to different choices of
) spin and parity for the
excited state near 500 kev.
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The neutron penetrabilities used in the calculations
were taken from the tables of Beyster ef al.® who
determine these by fitting to neutron scattering
experiments with a diffuse-well optical model.

Table I lists the parameter I'y (B)/D(B) as determined
from normalizing the calculated capture cross sections
to the measurements of reference 7. Here I'y(B) is the
radiation width at the separation energy, B, of a neutron
and D(B) is the level spacing at the same energy for
compound levels that can be excited by s-wave neutrons.
Also listed is I'y(B) as determined from slow neutron
resonance measurements.? If the radiation width is
known then one can of course determine D(B) which
is also listed in Table I. It is to be noted that the value
of T',/D extracted from the measurements’ depend
somewhat on the functional dependence of the level
spacing on angular momentum. This is taken to be of
the form Dy « (2J+1)"1 exp[a(2J+1)?] following Lang
and LeCouteur.!® The agreement of D(B) as determined
here with slow neutron results’® is very good.

The cross section measurements of reference 7
can be divided roughly into two classes, those that
decrease monotonically (mainly the odd target nuclei)
and those that are relatively flat or actually increase
as energy increases (mainly even target nuclei). The
increase or flatness in the cross sections is due to the
onset of important contributions of partial waves with
angular momentum greater than zero.

This increase or flatness will appear if the value
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- F1c. 3. Calculated neu-
tron capture cross section
for Aul? together with
measurements of reference
7. In addition to the excited
states indicated along the
abscissa, there is a state
A with excitation 77 kev
ol ———h G+).
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of I',/D is small enough. Small values of this quantity
imply strong contributions to the capture cross section
from ! values greater than zero.! An inspection of
Table I provides a rough check on this rule. Mo and
W86 have the smallest values of I'y/D and their capture
cross sections show flat regions. The behavior described
above is of course modified by the onset of inelastic
scattering which brings down the capture cross sections.
The sudden drops in the cross sections as energy
increases are of course due to the onset of inelastic
scattering as one passes threshold. It is to be noted in
Fig. 2 that one has a convincing check on the spin and
parity of the excited state of Mo'® near 500 kev.

On the other hand, in the case of As™ it appears that
the cross-section calculations are relatively insensitive
to fine details of the level structure. As” apparently
has more low-lying levels than were put into the
calculation when it was performed (see reference 7). It
is to be noted from Fig. 2 that if the excited state of

TaBLE I. Ratio of radiation width (assumed independent of
spin of compound state) to level spacing at separation energy of a
neutron. For odd-mass target nuclei 1/D=1/D;i_3+1/D;i,
where ¢ is the spin of the target nucleus; for even-mass nuclei
D=D;. This ratio has been determined by fitting calculated
capture cross sections to the measurements of Johnsrud, Silbert,
and Barschall.» Also listed are radiation widths from slow-neutron
resonance measurements.®? The last column gives values of
D(B) determined using columns 2 and 3. In all cases where D(B)

is known from slow-neutron workP there is agreement to within
experimental error.

Target 103 XTy(B)/D(B) Ty(B) (1073ev) D(B) (ev)
As70 3.6 270450 76
Mot 1.86 26080 140
Agl? 6.8 140£25 21
Wise 0.59 4649 78
Au?? 5.8 125430 22

= See reference 7. b See reference 9.

Mo'® near 500 kev had spin and parity 0%, the inelastic
scattering competition would not be very important.
It was not thought worthwhile to do other calculations
on As since spins and parities of the levels involved
are not known.

It is seen that the statistical theory of nuclear
reactions predicts neutron capture cross sections in
considerable detail if one has the necessary parameters:
radiation width, binding energy, level spacing, target
nucleus level structure and neutron penetrabilities. In
the absence of complete knowledge it is possible to
extract some of these quantities from measurements of
capture cross sections as a function of energy. In
addition to the type of information obtained above, it
is in principle also possible to obtain, from an analysis
of the experiments, information on the neutron penetra-
bilities, if all other quantities are known. An analysis
of this type has already been made'® in order to investi-
gate p-wave neutron penetrabilities.
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