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ANL/NDM-161
NEUTRON SCATTERING FROM THE STANDARD ®’Au
by |

Alan B. Smith *®
*Nuclear Engineering Division, Argonne National Laboratory
*The Physicist’s Consultive, Ottawa, IL

Abstract

Differential neutron “elastic scattering” cross sections of elemental gold are measured
from~ 4.5 - 10.0 MeV at incident-neutron energy intervals of ~ 0.5 MeV. These results
are combined with those of previous and lower-energy work by the author and associates
to form a neutron-scattering database extending from ~ 0.3 - 10.0 MeV. This database is
augmented with several additional scattering distributions and with detailed neutron total
cross sections from the literature. The resulting composite database is interpreted in
terms of dptical-statistical, dispersion and coupled-channels models. The results are

compared with relevant models in the literature, and a collective rotational model for the -

_ prediction of neutron interactions in this mass-energy region is proposed. The -

. experimental and model results are compared with relevant portions of the ENDF/B-VI
gold evaluated nuclear data file. Future work is suggested.

L Introduction

'Ele_mental gold is mono-isotopic ( lSi7Au) and lies approximately midway between
the region of heavy and highly deformed collective nuclie (e.g. the heavy fission

products) and the spherical huclie near the double shell closure at Z=82and N=126. It
is a transitional region between the strongly deformed rare earth nuclei and spherical
2% Pb over which there must be a qualitative change in nuclear shape-and where the

lower-energy excited structure of nuclei and their collective behavior is expected to

~ change rather rapidly with mass. The gold isotopes in this region have been the subjects .

of extensive decay (NDS95) and stripping (Vie+78) studies which suggest that ' Au is
an asymmetric rotor as described by Davydov and Filippov (DF58) and by Hecht and
Satchler (HS62). This model results in a number of rotational bands built upon the
. Mottelson and Nilsson (MN59, Pre62) collective-model orbital of the odd 79% proton,
The two lowest-energy of these are the K=3/2" [402] g.s. band, and the K=1/2*[400]
band with its head at only 77 keV.- These, and higher énergy rotational bands, account
for most, if not all, of the known states in *’Au up to excitations of an MeV or more,

Systematics indicate that the '*’ Au deformation is oblate with the values of B, =-10.131 -

. and B, =-~0,031 (MNS95).



Over the last few years the author has given attention to the fast-neutron
interaction with collective nuclei in the A ~ 155185 highly-deformed region (Smi00,
Smi01, Smi03, Smi04, Smi05). From these considerations has emerged a general
“regional” behavior of the neutron interaction and a relevant model for interpolation and
extrapolation, particularly to the prediction of neutron-interaction properties of the heavy
fission products. The transition of this collective regional behavior in going to the
spherical doubly closed shell is of both basic and applied interest. In the present context .
of '"Au that transition may well be from symmetric rotors to asymmetric rotors and then
to the spherical nuclei at the doubly closed shell. Fast neutron scattering is sensitive to
low-energy target structure, as it is uninhibited by coulomb effects, and thus may be
sensitive to the character of this transitional region. Auisa heavy, non-corrosive
metal, available in very high purities. It has electrical, chemical and mechanical
properties that make it ideal for a number of special technical uses. Moreover, its neutron

capture cross section is a primary standard over a wide incident-neutron energy range
(ENDF/B-VI standards). :

IL Experimental Method

The present measurements were made using the fast-neutron time-of-flight
technique (CL55). The particular experimental apparatus and procedures have been.
extensively described elsewhere therefore only a brief outline will be given here (e.g. see
SG92, Chi+92. But+82, Smi+67, and references cited therein). Ten~ 5 m. long flight
paths were concurrently used. They were variable in neutron scattering angle over the
range of ~ 20 — 165 deg. The neutron source was the D(d, n)*He reaction (Dro87) with
the deuterium target gas contained in a 2.5 cm. long cell at a pressure of two
atmospheres. The scattering sample was a 2-cm. diameter and 2-cm. long cylinder of
high-purity elemental gold placed ~ 14 cm. from the neutron source at a zero-degree
'~ Source-reaction angle. The neutron source was pulsed at a repetition rate of 1 MHz with
a burst duration of ~ 1 nsec. The scattered-neutron detectors were ~ 12.5 em. diameter
and ~ 2 cm. thick hydrogenous scintillaters employing pulse-shape discrimination to
suppress gamma-ray detection. The source intensity was monitored with ancillary time-
of-flight detectors. The relative energy-dependent responses of the scattered-neutron
detectors were established by observing the energy spectrum of neutrons emitted at the
spontaneous fission of ***Cf (SGS77), and the absolute normalizations were determined
by observation of neutrons scattered in the well-known standard reaction H(n,n)
(CSL83). The relative neutron scattering angles were optically determined to 0.1 deg.
and the angular scale normalized by the observation of neutron scattering from

polyethylerie either side of the apparent centetline. All the results were corrected for
angular resolution, beam attenuation and multiple-event effects using Monte-Carlo
techniques (Smi91). The earlier and lower-energy work réported by the author and co-
- workers (deV+65) used essentially the same experimental methods, but with shorter (~ 2
m) flight paths and smaller neutron detectors whose response was normalized to neutron -
- scattering from elemental carbon (Lan+61). - ' :



IIL Experimental Results

The present experimental results consist of twelve “elastic”-scattering
distributions approximately equally spaced in incident energy between = 4.5 — 10.0 MeV.
The scattered-neutron experimental resolutions were = 0.3 MeV, so these “elastic”
distributions certainly included inelastically-scattered contributions due to the excitations
of the 77 keV (1/2+), 269 keV (3/2+) and 279 keV (5/2+) states in 'Au, These angular
distributions generally consisted of ~ 40 or more differential values distributed between ~
20 - 160 deg. Experimental uncertainties, including systematic and statistical
contributions, are ~ 3 — 5 %, except near the minima of the distributions where they are
larger. These experimental results are shown in Fig. 1, together with the prior lower-
energy work by the author and his associates (deV+65). They very largely dominate the
knowledge of fast-neutron “elastic” scattering from '*’Au, as outlined in Appendix B,
There is very little else known; nothing between ~ 1.5 - 4.5 MeV nor above ~ 15.0 MeV.

IV. Physical Models
IV-1. Spherical Optical-Statistical Model (SOM)

¥TAu, with an asymmetry ((N-Z)/A) = 0.198, lies between the A ~ 150 — 180

.region of large collective deformations and the spherical region of the doubly closed
shells (Z = 82 and N = 126) at ®Pb. Thus the interaction of fast neutrons with pseudo-
spherical ¥’ Au should be reasonably approximated with a conventional spherical optical-
statistical model (Fes58, Hod63, FPW54, Wol51). Such a model can serve to meet many
fundamental and applied needs and it is a basis for. more detailed considerations of
collective effects, e.g. via coupled-channels analysis (see Section IV. -2, below) or DWBA
calculations. The present SOM considerations have the objective of meeting some of
these basic and applied needs, and of providing a comparative test of other global and
regional spherical optical models suggested in the literature (e.g. KD03).

Throughout this work the real potential was assumed to have the Saxon-Woods
form, and the imaginary potential the surface Saxon-Woods Derivative form. A real
spin-orbit potential of the Thomas form was used with the parameters of Walter and Guss
(WG8S5). These potential forms are defined by Hodgson (Hod63), and many others.
There was no imaginary spin-orbit potential. The available differential neutron-
scattering experimental data extends only to 14.6 MeV so the present model
considerations are directed toward incident energies below 15 MeV and thus are not
sensitive to volume absorption. The neutron excitation of the ground and the first twelve
excited states of '’ Au were explicitly considered using the energies, spins and parities
given in the Nuclear Data Sheets (NDS95). All of the neutron interactions with these
states consisted of compound-nucleus processes in the context of the SOM, and their
treatment included resonance width fluctuation and correlation corrections in the manner
of Moldauer (Mo180). Higher-energy excitations were considered using the statistical '
continuum niodel and parameters of Gilbert and Cameron (GC65). Neutron capture is
. small at the energies of the present measurements and thus was not considered in the



SOM potential derivations, though the final SOM was used to estimate some of the
capture and inelastic neutron-scattering processes. Other neutron-induced reactions were
ignored, as they are generally small at the energies of the present considerations. Most of
the spherical model calculations were carried out with the code ABAREX (LS99), with
some additional spherical calculations using versions of the code ECIS96 (Ray95). Ina
spherical context these two codes gave essentially identical results. All of the fitting
calculations gave careful attention to the experimental resolution of the measured data,
combining calculated elastic and inelastic scattering contributions where warranted to be
consistent with experimental resolutions.

The derivation of the SOM parameters was based entirely upon measured neutron
differential “clastic” scattering and neutron total cross sections at energies concurrent
with those of the “elastic” scattering distributions. There are experimental neutron total
cross sections to more than 500 MeV but no angle-differential scattering results above ~
14.6 MeV (see Appendices A and B). The total cross sections used in the potential
derivations were interpolated from the energy-averaged values defined in Appendix A
and illustrated in Fig, A-1. They were exactly energy correlated with those of the
experimental differential “scattering” values. At lower energies (below 1.5 MeV) the
latter were constructed from the lower-energy “elastic” scattering distributions reported
some time ago by the author and co-workers (deV+65), augmented with some additional
unpublished results from the author’s files. These lower-energy scattering data consisted
of many distributions, which were averaged over approximately 100 keV incident-energy
intervals using legrendre-polynomial expansions to interpolate in angle. All of these
“elastic” distributions fully resolved the elastic component from inelastic contaminations
up to ~ 1.0 MeV. At incident energies of 1.0 to 1.5 MeV many of them included
contributions from the inelastic neutron excitation of the first 77 keV level in ¥’ Au.
These lower-energy averaged distributions are illustrated in the left panel of Fig, 1. The
higher energy “clastic” distributions used in the model derivations were largely taken
directly from the present measurements. There are twelve of these approximately equally

‘spaced in energy between 4.5 and 10.0 MeV. Each of the latter contained inelastically
scattered contributions due the excitation of '’ Au levels up to approximate 300 keV.
These higher-energy contributions are illustrated in the right panel of Fig, 1. To this
differential scattering database were added several selected distributions from the
literature (see Appendix B), particularly the 14.6 MeV distribution of Hansen et al.
(Han+85). The resulting 31 “elastic™ distributions used in the model derivations are
illustrated in Fig. 2, for example. They span the ~ 0.3 — 15.0 MeV energy range with
nothing in the ~ 1.5 — 4.5 interval or above 15.0 MeV. The uncertainties of the individual
differential values were accepted as given by the respective authors or, when necessary,
as estimated by the present author. ' ' :

The SOM parameters were obtained by least-square fitting the above neutron
total cross section and “elastic”-scattering database. The fitting followed the six
sequential steps long used by the author:; - i) first determining the real potential
diffuseness (av), ii) the real-potential reduced radius (rv) (where R; = r;eA'®), iii) the
imaginary reduced radius (rw), iv) the imaginary diffuseness (aw), v) the real depth (V),
.+ and finally vi) the imaginary depth (W). The uncertainties utilized in the fitting of the






