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SOME REMARKS ON THE
NEUTRON ELASTIC— AND INELASTIC-SCATTERING
CROSS SECTIONS OF PALLADIUM!t

by
S. Chibatt, P. T. Guenther, and A. B. Smith

ABSTRACT

The cross sections for the elastic—scattering of 5.9, 7.1 and 8.0 MeV neutrons from
elemental palladium were measured at forty scattering angles distributed between x 150
and 160°. The inelastic—scattering cross sections for the excitation of palladium levels at
energies of 260 keV to 560 keV were measured with high resolution at the same energies,
and at a scattering angle of 800. The experimental results were combined with
lower—ener-Ey values previously obtained by this group to provide a comprehensive data
base extending from near the inelastic—scattering threshold to 8 MeV. That data base was
interpreted in terms of a coupled—channels model, including the inelastic excitation of one—
and two—phonon vibrational levels of the even isotopes of palladium. It was concluded
that the palladium inelastic—scattering cross sections, at the low energies of interest in
assessment of fast—fission—reactor performance, are large (s 50% greater than given in
widely used evaluated fission—product data files). They primarily involve
compound—nucleus processes, with only a small direct—reaction component attributable to
the excitation of the one—phonon, 2*, vibrational levels of the even isotopes of palladium.

¥fThia work supported by the U.S. Department of Energy under Contract No. W—31—-109—Eng—38.
ttPermanent address, Japan Atomic Energy Research Institute, Tokai, Ibaraki, Japan.
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I. INTRODUCTION

Fission products are found primarily in two groups centered about mass A = 95 and
A = 140. Inelastic—neutron excitation of collective low—lying levels is a concern in both
mass regions (in the former the excitation of dynamic—vibrational levels, and in the latter
that of rotational levels). The cross sections for the neutron excitation of such low—lying
collective levels can be large. A consequence of these processes is appreciable energy
transfer in FBR spectra, resulting in significant sensitivity of the macroscopic neutronic
system to the magnitude of fission—product neutron inelastic~scattering cross sections. For
the prominent fission products, this sensitivity can be % 25% that of the neutron capture
process.! Very recently there has been speculation about the "cold" fusion of deuterium
imbedded in the lattice of palladium metal.? In the event that such a phenomenon can be
used for energy generation, the neutron cross sections of palladium will be essential to the
design of a practical energy system. Thus, the magnitudes of the cross sections for the
neutron excitation of the collective modes of palladium are an applied concern.

The above neutron inelastic—scattering cross—section strength is primarily the result
of compound—nucleus (CN) processes,3 to which is added a direct collective—excitation
component.4-5 The even palladium isotopes are prominent light—mass fission products, and
they display the characteristics of strong collective vibrators, with f§; in the s 0.20 — 0.26
range.® It has been suggested that the neutron direct—vibrational excitation of their first,
2* one—phonon, levels is large, which, together with the conventional compound—nucleus
contribution, results in very large neutron inelastic—scattering cfoss sections at low
incident energies.4*? There is some support of this thesis in the results from (n;m’, )
measurements.5 On the other hand, the results of direct (n,n’) measurements are generally
consistent with a relatively small direct component.! ~ These inelastic—scattering
uncertainties extend to neighboring prominent fission products, for example, to the even
isotopes of ruthenium.

The present study addresses the above issue with measurements of the cross sections
for the excitation of the one—phonon, 2+, levels of the even isotopes of palladium, and for
neutron elastic—scattering from palladium, up to incident—neutron energies of 8 MeV,
coupled with an interpretation of the experimental results using optical-statistical and
coupled—channels models.

O. EXPERIMENTAL METHODS

The present measurements employed a solid cylinder of elemental metallic
palladium, 2 cm long and 2 cm in diameter. The D(d,n)3He reaction was used as the
Ieutron source, with the deuterium gas contained in a cell 3 cm long. The deuterium gas
Pressure in the cell was adjusted to give neutron energy spreads at the sample ranging from
30 to 200 keV (including effects due to reaction kinematics), depending on the c%esired
Incident—neutron energy resolution. The mean energy of the incident neutrons was
determined to 25 — 50 keV by control of the energy of the incident deuteron beam. The
leutron source was pulsed at a repetition rate of 2 MHz, with a burst duration of
approximately 1 nsec. All of the measurements used the fast—neutron time—of—flight
method.  Scattered—neutron angular distributions were obtained using the Argonne
ten—angle time—of—flight? system, with flight paths of ¥5 m. The high—resolution



measurements were made at an 80° scattering angle with a flight path of 15.68 m. The
details of these instrumental arrangements have been described elsewhere. 9710’11

The cross sections were all measured relative to the well-known H(n,n) scattering
standard.12  The relative detector senmsitivities were established using the 253Cf
fission—neutron spectrum, as described in Ref. 13. The relative scattering angles were
optically determined to accuracies of better than 0.1°. The normalization of the relative
angular scale was achieved by observing elastic—neutron scattering from a heavy target
(usually niobium), left and right of the apparent angle center line, at angles where the
elastic—scattering cross section is rapidly changing with the angle. This method gave
results that were reproducible to 0.150. The measured values were corrected for
angular—resolution, multiple—event and neutron—attenuation effects using Monte—Carlo
methods.* A large number of histories and three iterations were used, so as to provide
corrections to 1-2% accuracy, except at the very deep first minimum of the elastic
distributions where the uncertainties in the correction factors may be 10% or more.
Cross—section uncertainties due to counting statistics (including both foreground and
background) varied from less than 1% to several percent depending on the flight path and
scattering angle. Relative detector sensitivities were reproducible to better than 3%, and
were independently determined for each of the detectors. The above—cited angular
uncertainties introduced significant cross—section uncertainty in regions of rapidly changing
cross section (e.g., the rapidly changing elastic—scattering cross section at forward
scattering angles). These various uncertainty components were combined in quadrature to
obtain the total uncertainties. Generally, the results of measurements with different
detectors, or made at different times, were consistent to within the respective uncertainties.

III. EXPERIMENTAL RESULTS

The angular distributions of scattered neutrons were measured at 5.9, 7.1, and 8.0
. MeV, for forty angles distributed between 15¢ and 160°, using the 5 m flight paths. With
those flight paths, the neutrons resulting from the excitation of low-lying levels were only
partially resolved from the elastically—scattered component at scattering angles larger than
% 500, and they were not at all resolved at more forward angles. Therefore, in the
angular—distribution measurements, inelastically—scattered contributions corresponding to
excitations of < 560 keV asi.e., mainly those due to the excitation of the 2+ vibrational levels
of the even isotopes of palladium) were intentionally included with the elastically—scattered
components at all measurement angles. Herein, these composite angular distributions are
referred to as "pseudo” elastic scattering. The measured values gave good definition of the
pseudo elastic scattering, as illustrated in Fig. 1.

The differential cross sections for excitation of levels in palladium in the range 260 -

560 keV were measured at 5.9, 7.1, and 8.0 MeV, at a scattering angle of 80°, using the
15.68 m flight path. The experimental resolution was sufficient to separate these inelastic
components from elastically—scattered neutrons, as illustrated by the time—of-—flight
spectrum of Fig. 2. A prominent feature of Fig. 2 is the inelastically—scattered neutron
~ froup primarily due to excitations of levels in the range » 260 — 560 keV. These are very
argely the result of contributions from the 2+, one—phonon, vibrational states of the even
isotopes of palladium, with a relatively small addition of contributions due to the odd
isotope 195Pd (= 22.3% abundant). In addition, there is a small "tail" on the inelastic peak
corresponding to the excitation of a number of higher-lying levels in 15Pd. The
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Fig. 1. Differential elastic— and inelastic—scattering cross sections of palladium
measured at 5.9, 7.1, and 8.0 MeV, as numerically noted. The "O" symbols indicate
pseudo elastic—scattering results, inclusive of contributions from neutroms due to the
excitation of levels up to » 560 keV. The "X" symbols indicate the cross sections for the
inelastic excitation of levels in the range 260 — 560 keV. The curves indicate the results of
model calculations, as described in the text. The data are given in the laboratory—
coordinate system :
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Fig. 2. An experimental time-of-flight spectrum obtained by scattering 7.1 MeV
neutrons from elemental palladium, at an angle of 809, over a flight path of 15.68 m.
Components of the spectrum are noted as: (A) the elastically—scattered group,
(B) inelastically—scattered neutrons corresponding to excitations of ~ 260 — 560 keV,
primarily due to the even isotopes of palladium, and (C) low—intensity inelastically—
scattered neutrons due to the excitation of a number of levels above ~ 560 keV in 105Pd.



corresponding differential cross sections are given in Table 1. The uncertainties associated
with these éifferential inelastic—scattering cross sections consisted of the above—cited
components and subjective estimates of the uncertainties involved in summing the
time—of—flight spectra, such as illustrated by the dashed curves in Fig. 2. The resulting
total uncertainties were » 10%, and the results deduced at separate times were consistent
with this value. These inelastic—scattering cross sections extrapolate reasonably well to the
lower—energy values obtained in the previous work of Ref. 8, as described below.

Table 1
The 800 neutron differential inelastic—scattering cross sections

corresponding to the excitation
of » 260 — 560 keV levels in elemental palladium.

Incident Energy (MeV) do/dQ (mb) at 800
5.9 13.8
- 7.1 10.7
8.0 9.8

IV. INTERPRETATION

Neutron total cross sections are measurable in a self-normalizing manner, and
unambiguously calculable with optical or coupled—channels models. Thus, they are a
consideration in the interpretation of the interaction of fast neutrons with palladium.
There is an extensive body of palladium neutron total cross sections, largely as the result of
work by this group.£’15 These data, augmented with the files of the National Nuclear Data
Center, provided a detailed neutron total—cross—section data base, extending from below
the threshold for inelastic—neutron scattering to above 10 MeV. The components of this
data base were inspected on large—scale graphs; obviously erroneous data were abandoned,
and the remaining values were averaged over 200 keV energy increments in order to obtain
the energy—averaged neutron total cross sections shown in Fig. 3. These energy—averaged
neutron total cross sections are comparable to the predictions of a coupled—channels model.

The elastic—scattering data base used in the interpretation consisted of the present
results and the lower—energy values of Ref. 8. As described above, the present pseudo
913§tlcjscattering results included inelastically-scattered components corresponding to
€xcitations of up to Ex = 560 keV. This composite nature of the distributions was taken
0to account in the calculations as discussed below. The results of the lower—energy
elastlc—scattering measurements of Ref. 8 consist of » 45 angular distributions, distributed

tween 1.5 and 3.8 MeV, all resolving the elastically—scattered component from
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inelastically—scattered contributions. These lower—energy results were averaged over
% 0.2—MeV energy intervals in order to smooth any residual fluctuations and to reduce the
number of distributions subject to extensive numerical fitting procedures. There are a few
other palladium elastic—scattering results, notably the data of Ref. 16 (below 1.5 MeV).
These additional data were not used in the present interpretation, since the results are old
and not up to contemporary standards and/or are at very low energies where the data
fluctuations due to partially—resolved resonance structure may be relatively large and
where the distributions are of a rather structureless character that does not particularly
define 2 model. The elastic—scattering data base used in the interpretation is summarized
by the measured values shown in Figs. 1 and 4.

The neutron inelastic—scattering data were compared with the predictions of the
coupled—hannels model deduced from the elastic—scattering data. The
inela.stic—-sca.tterin§ data were composed of the lower—energy angle—integrated values from
prior work at this laboratory® and the 800 differential values of the present work as given in
Table 1. Only inelastic excitations of < 560 keV were considered, since these are the
components of primary interest from the points of view of large fission—product
inelastic—scattering cross sections and of direct excitation of the 2*, one—phonon,
vibrational states of the even isotopes of palladium.

The interpretation assumed a coupled—channels model having a real Saxon—Woods
potential, a derivative Saxon—Woods imaginary potential, and a spin—orbit potential of the
Thomas form.!” The spin—orbit potential was fixed at a strength of 6.0 MeV, a radius of
1.26 fm, and a diffuseness of 0.636 fm. These spin—orbit potential values were found to be
very suitable in the lower—energy interpretations of Ref. 8. Elemental palladium consists
% 80% of even isotopes having similar low—lying vibrational levels. Predominant among
these are 106Pd (27.3%) and 198Pd (26.5%). Thus, the interpretation assumed that the
element was reasonably represented by 196Pd. Above x 4.0 MeV, the level density of 106Pd
is large, and thus compound—elastic (CE) contributions to the elastic scattering at the
energies of the present experiments are expected to be small. This expectation is supported
by the very deep minima of the elastic—scattering angular distributions, even at 4.0 MeV.8
Thus, it was assumed that elastic scattering at 7.1 and 8.0 MeV could be treated as an
entirely shape—elastic (SE) process. At energies of 5.9 MeV and below, the observed
elastic—scattering cross sections were corrected for CE contributions using the spherical
optical-statistical model (SOM) of Ref. 8. The SOM employed 20 discrete 196Pd levels
extending to an excitation energy of ~ 2.4 MeV, 18 and the statistical formulation of Gilbert
and Cameron!® to describe higher—energy excitations. The SOM calculations included the
width—fluctuation and correlation corrections of Moldauer.? The resulting CE corrections
were small, even at 1.5 MeV. This correction procedure was an approximation, since it
was based upon SOM transmission coefficients rather than the transmission coefficients of
the vibrational coupled—channels model. However, use of the coupled—channels—model
transmission coefficients changed the corrections at the minima of the lowest—energy
(1.5 MeV) distribution by only 5.5%, thus reasonably justifying the use of the simpler SOM
model. he observed .lower—energy elastic—scattering data of Ref. 8, and the pseudo
elastic—scattering data of the present measurements (corrected for the CE contributions)
were the basis for chi—square fitting to determine the real and imaginary potential
parameters of the coupled—channels model.

The chi—square coupled—channels—model fitting concurrently varied the four
parameters greal and imaginary strengths and diffusenesses) while keeping the radii fixed.
A number of choices of radii were explored with no significant improvement in the fitting
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results (assessed either by chi~square or subjective judgment) over the radii obtained in
the extensive lower—energy fitting of Ref. 8. Therefore, the real (rv = 1.260 fm) and
imaginary (ry = 1.231 fm) radii of Ref. 8 were accepted for all subsequent four—parameter
fitting. (Throughout this discussion, radii are expressed in the form Ry = rj- A3,

where A is the target mass number). The fitting was carried out using the
coupled—channels code ANLECIS,?® and ‘was entirely confined to the elastic—scattering
data base outlined above. In fitting the pseudo elastic—scattering data at 5.9, 7.1, and 8.0
MeV, the composite distribution of elastic—scattering and inelastic—scattering due to the
excitation of the 0.5118 MeV, 2+ one—phonon, level was explicitly calculated and used in
the fitting. A one— and two—phonon coupling scheme was assumed, consisting of the
0.5118 (2*) MeV, and 1.1279 (2+), 1.1336 (0*), 1.2289 4*) MeV levels, respectively.1s
Various values of ; were examined. The sensitivity of the fitting results to #, was not
very great, but a value of §; = 0.25 generally resulted in smaller chi-squares and was
therefore accepted for subsequent fitting. This value of P2 is % 10% larger than deduced
from coulomb—excitation studies.$

The results of the four—parameter data fitting were descriptive of the observed data
as is illustrated by the examples given in Fig. 5. The parameters resulting from the
four—parameter fitting followed a general linear energy dependence. This behavior was
least(—s)quaxe fitted to obtain the energy—dependencies of the potential parameters given in
Eq. (1).

i
vV = 46.991(*0.215)—0.207(*0.062)-E] MeV
a, = 0.598(*0.012)+0.010(=4=0.003)-E] fm

E (1)
W = 4.047(*0.701)+0.604(=t0.172)-E] MeV
a, = 0.572(20.037) —,0.014(*0.009)-E] fm,

where E is the incident energy in MeV, V the real—potential strength, a, the real—potential
diffuseness, W the imaginary—potential strength, and ay the imaginary—potential
diffuseness. The real—potential strength falls with energy, as indicated by the Hartree—
Fock predictions,1? and the imaginary—potential strength increases with energy, as one
would expect, due to the increasing contributions of levels not explicitly considered. The
diffusenesses (av and ay) have a small energy dependence that may be correlated with the
fixed radii assumed in the fitting procedures. The detailed examination of the relation
between radii and diffusenesses would require a far more comprehensive data base }and
associated fitting) than presently available. Qualitatively, the energy dependencies of the
potential strengths follow the trends of "global" models.?!” The general potential of Eq. (1),
while not giving as detailed a description of the experimental values as the explicit fits
shown in Fig. 5, results in calculated cross sections in reasonably good agreement with the
experimental results, as illustrated by the curves in Figs. 1 and 4. In the former figure, the
"B" curve indicates the calculated elastic scattering, while the "A" curve shows the
calculated pseudo elastic—scattering, inclusive of the contributions due to the inelastic-
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Fig. 5. Ilustrative comparisons of measured and calculated elastic-scattering
distributions. Below 4.0 MeV the results refer to elastic scattering, and at hi%her energies
to "pseudo" elastic—scattering, as defined in the text. Symbols indicate the measured
values, and curves the results of four—parameter fitting. The incident—neutron energies Siln
MeV) are numerically given in each section of the figure. The data are given in the
laboratory—coordinate system.
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excitation of the 0.5118 (2*) MeV level. The only substantive difference is at the highest,
8.0 MeV, energy, and even then only near the minima of the distribution and involving a
magnitude of only a few mb/sr. At this highest energy, the assumed coupling scheme may
welf be an oversimplification, and the coupling of additional levels could change the details
of the distribution in the very small minima. Such detailed coupling schemes require a
knowledge of the respective nuclear structure that is not available, and even if it were
would lead to very tedious calculations.

Fitting the neutron inelastic excitation of the first 2* vibrational level was not a
major consideration in the derivation of the above potential, though it did support the
selected [, value. However, the model provides calculated cross sections that are
comparable to the experimental values, as illustrated in Figs. 1 and 6. Throughout the
comparisons of measured and calculated inelastic—scattering cross sections, compound
nucleus contributions were added to the direct inelastic scattering in a manner analogous to
that used in determining the CE corrections cited above. These corrections were
significant only at 5.9 MeV and lower energies. The high—resolution 80° inelastic—
scattering results of the present work at 5.9, 7.1, and 8.0 MeV are in remarkable agreement
with the calculated results, as illustrated in Fig. 1. Therefore, it is reasonable to use the
calculated angular distributions (curves "C" o? Fig. 1), normalized to the measured 80°
values, to obtain the angle—integrated inelastic—scattering cross sections.  These
angle—integrated results are shown in Fig. 6, together with the lower—energy results of
Ref. 8. The calculated direct inelastic scattering rises slowly from the threshold to a
general plateau, as illustrated by curve "B" of Fig. 6. Curve "A" of Fig. 6 indicates the
total inelastic—scattering cross section for the excitation of the 0.5118 MeV level. The
large maximum at » 1.0 MeV consists very largely of CN contributions. The calculated
cross sections are at the lower extreme of the uncertainties of the lower—energy data of
Ref. 8. The uncertainties in the respective data of Ref. 8 are, to a very large extent,
systematic, since the measurements used the ’Li(p,n)’Be neutron source which has a
prominent second neutron group due to the 7Li(p,ng7Be* reaction that seriously distorts
the observation of neutrons due to the inelastic excitation of levels near 500 keV. As a
consequence, substantial corrections had to be made to derive the respective cross sections
of Ref. 8. Thus, the systematic cross—section uncertainties were large, and it is not
surprising that the present calculated inelastic cross sections are at the lower extreme of
the uncertainties of the data of Ref. 8. Generally, the measured and/or calculated cross
sections for the inelastic neutron excitation of = 260 — 560 keV levels in palladium do not
rise to more than 1.2 —1.3 b at the maximum at = 1.0 MeV, and in this region the cross
sections are very largely due to CN processes. The contribution due to direct processes at
lower energies is small.

The above model gives a reasonable description of the neutron total cross section
from the inelastic—scattering threshold to more than 8.0 MeV, as shown in Fig. 3. Over
this wide energy region, the calculations agree with the measured values to within several
percent, a difference that is frequently comparable to that between the various
experimental data sets. At very low energies the calculations tend to be systematically
larger than the measured values, but the latter may be distorted toward too smalil
magnitudes due to self-shielding. The strength functions of palladium isotopes deduced
from resonance measurements vary by a factor of two or more, depending on the isotopes
involved.2? The model predicts So = (0.94 x 104) and S;= (5.7 x 10"4). These are
reasonably consistent with the 198Pd values of (0.78 + 0.17) x 10-¢ and (4.4  0.5) x 104,
respectively, given in Ref. 22. However, S, for 196Pd, deduced from resonance data, is
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Fig. 6. Comparison of measured and calculated angle-integrated cross sections for
the neutron excitation of 0.260 — 560 keV levels in palladium. The symbols indicate
measured values: below 4.0 MeV from Ref. 8, and above 5.0 MeV from the present work,
as described in the text. The curves indicate calculated results where "B" is the
direct—reaction component and "A" the total inelastic cross section inclusive of
direct—reaction and CN contributions.
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(0.34 + 0.04) x 10-4.23 Given these large differences from isotope to isotope, comparison
with model—predicted strength functions is not too rewarding.

V. DISCUSSION

The above interpretation is, in part, based upon the assumption that inelastic
neutron scattering is similar for each of the even isotopes of palladium. The element
consists of nearly 80% even isotopes that have very similar low-lying excited structure and
P2 values.8*18 Using the above model, the inelastic cross sections for the excitation of the
first, 2*, level of each isotope were calculated and combined to obtain an "elemental" cross
section consisting of only even isotopes. The result was very similar to that obtained for
106Pd alone (e.g., at 2.0 MeV the "elemental" CN cross section was 540 mb, compared to
565 mb for 106Pd alone). The only odd isotope, 195Pd, is 22.3% abundant. It probably has
nine excited states below = 560 keV,18+33 all of which contribute to the inelastic—scattering
cross sections observed in the present experiments. A model of 105Pd is that of a ds_-hole
coupled to the low—lying states of 196Pd. To the extent to which the 105Pd states below
560 keV can be thought of as a ds r—hole coupled to the 511.8 keV 2+ state of 198Pd, the
low—energy inelastic—scattering cross sections of 195Pd should be the same as those of
106Pd. Furthermore, the dominant inelastic scattering in this odd—A nucleus almost
certainly comes from the excitation of states involving just this coupling mode. The only
member of the quintet of spins (1/2*, 3/2+, 5/2%, 7/2*, and 9/2*), arising from the
(ds28,2+) coupling, for which no candidate is seen below 560 keV, is the 9/2+* level. Thus,
probably about 2/3 of the 106Pd inelastic—scattering cross section has been seen in 195Pd.
Since 195Pd is only 22.3% abundant in the natural palladium target, the approximation of
replacing its inelastic—scattering contribution by that of 196Pd will not substantially alter
the calculated elemental results.

The present measurements and their interpretation strongly suggest that the
inelastic—scattering cross sections of palladium, at the lower energies of importance, in the
context of fission products and fission—reactor performance, are very largely due to
conventional CN processes. The cumulative inelastic—scattering cross section for the
excitation of levels up to 5 560 keV peaks at about 1.2 b near an incident energy of 1.0
MeV, and then rapidly falls as the energy increases. The measurements and their
interpretation also indicate that the direct inelastic excitation of the first, 2*, vibrational
level of the predominant even isotopes of palladium (Ex = 500 keV) rises slowly from
threshold to a maximum of % 150 mb at 6.0 MeV. Thus, direct inelastic—scattering
processes in palladium are of little concern in the fission—reactor context. However, the
present experiments and their interpretation very much support magnitudes of the
inelastic—scattering cross sections of palladium at the lower energies of fission—reactor
concern (e.g., from threshold to several MeV) that are % 50% larger than found in widely
used evaluated nuclear data files (e.g., as given by ENDF/B—V24).” This difference between
measured and evaluated inelastic—scattering cross sections has been pointed out as a result
of previous work at this laboratory.?
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