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FAST-NEUTRON TOTAL AND SCATTERING

CROSS SECTIONS OF ELEMENTAL PALLADIUM*

by

A. B. Smith, P. T. Guenther and J. F. Whalen*
Argonne National Laboratory
Argonne, Illinois 60 439

ABSTRACT

Neutron total cross sections of palladium are measured from
x 0.6 to 4.5 MeV with resolutions of x 30 to 70 keV at intervals
of <^ 50 keV. Differential neutron elastic- and inelastic-scattering
cross sections are measured from 1.4 to 3.85 MeV at intervals of 50
to 100 V.eV and at 10 to 20 scattering angles distributed between a 20
and 160 o'eg. The experimental results are compared with respective
quantities given in ENDF/B-V and used to deduce an optical potential
that provides a good description of the measured values.

*This work supported by the U. S. Department of Energy.



I. INTRODUCTION

This work is a part of a continuing program of the experimental study of
the interaction of fast-neutrons with fissiop-product nuclei. Elemental
palladium consists of six isotopes. Five of them (102Pd(l%), 1Ol*Pd(ll%),
l06Pd(27%), 108Pd(27%) and lloPd(12%)) are even nuclei. The sixth isotope
is the odd 105Pd(22%). All of these isotopes occur in fission-product chains
with high yields in cases of applied interest. For example, in the case of
239Pu fission induced by fission-neutrons, the yields are 6.8% (101*Pd), 5.8%
(105Pd), 4.7% (106Pd), 2.7% (108Pd), and 0.9% (il0Pd). The characteristics
of the low-lying levels of the even palladium isotopes suggest vibrational
nuclei.1 However, at the relatively low energies of the present experiments
direct-vibrational excitations should not be strong and thus it is reasonable
to describe the neutron Interaction with a spherical optical model (OM) which
can be subsequently used to calculate, particularly, the capture cross sections
of the individual palladium isotopes.

Subsequent portions of this report; very briefly outline the experimental
procedures (Sec. II), present the experimental results (Sec. Ill), discuss the
derivation of an OM from the measured values (Sec. IV), and compare the experi-
mental values with relevant quantities given in ENDF/B-V2.

II. EXPERIMENTAL PROCEDURES

The experimental procedures used in the present neutron total- and
scattering-cross—section measurements have been widely employed at the Argonne
Fast-Neutron Generator. The details are given in the cited references and
thus the following remarks are confined to a brief outline of the experimental
procedures.

Both the neutron total- and scattering-cross-section measurements employed
a 2 cm diameter 2 cm long cylinderical sample of elemental palladium metal.
Sample density was determined from precision weight and dimension measurements
to better than 0.1%. Chemical impurities in the sample were negligible.

Neutron total cross sections were deduced from the observed transmission
of nonenergetic neutrons through the sample in the conventional manner.3 The
sample was arranged to alternate in the neutron beam with a void and carbon-
reference sample with a frequency of s; 1 Hz. This rapid sample interchange
made monitoring of the source intensity unnecessary. The neutron source was
the 7Li(p;n)7Be reaction with the lithium thickness adjusted to give the
desired incident-neutron energy spread. The source was pulsed on for durations
of ̂  1 nsec. Time-of-flight techniques were employed to select the primary
neutron group from the source reaction and to surpress backgrounds. In-
scattering corrections were negligible and a clock system assured proper
correction for dead-time effects. The measurement-system fidelity was con-
tinually verified by the concurrent measurement of the well-known neutron
total cross sections of carbon.'* Details of the apparatus and Its application
are given in Ref. 5.



Neutron differential-scattering cross sections were measured using the
Argonne ten-angle time-of-flight apparatus. Again, the neutron source was
the 7Ll(p;n)7Be reaction pulsed on for durations of x 1 nsec. Scattered
neutron flight paths were s: 5.4 m. An additional time-of-flight system
monitored the source intensity. The relative energy-dependent responses of
the neutron detectors were determined by the observation of neutrons emitted
at the spontaneous fission of Cf. The absolute response of the detector
system was determined relative to the well-known neutron total cross sections
of carbon** in the manner described in Ref. 8. This procedure yields palladium
scattering cross sections relative to the neutron total cross section of carbon-
All of the scattering results were corrected for multiple-event, beam-attenuation,
and angular-resolution effects using the procedures of Ref. 9. Details of the
scattering apparatus and its application are found in Refs. 6, 9 and 10.

III. EXPERIMENTAL RESULTS

A. Neutron Total Cross Sections

The neutron total cross sections were measured from x 0.6 to 4.5 MeV at
intervals of < 50 keV with incident-neutron energy spreads of s; 30 to 70 keV.
The measured energy range was traversed several times. The experimental results
were combined and averaged over 50 keV bins to obtain the results shown in
Fig. 1. The statistical uncertainty of each individual datum is < 1% and the
results are consistent to well within the experimental uncertainties. Self-
shielding effects are not a factor at the energies of the present measure-
ments.5 The averaged values follow a smooth energy dependence with no
indication of residual fluctuations.

The present neutron-total-cross-section results are in good agreement
with the low-energy values of Lambropoulos et al.11 and with the high-energy
results of Foster and Glasgow.1^ There is excellent agreement with the recent
results of Poenitz et al.5 over the entire energy range of the present
measurements as, illustrated in Fig. 1.

B. Neutron Elastic-Scattering Cross Sections

The elastic-scattering measurements were made at incident-neutron energy
intervals of 50 to 100 keV from 1.4 to 3.85 MeV with incident-neutron energy
spreads of 30 to 70 keV. Ten to twenty differential values were obtained at
each incident energy, distributed between 20 and 160 deg. The scattered-
neutron resolutions were sufficient to resolve the elastic-scattered component
from all known inelastic-scattered contributions. The measured values were
averaged over 200-keV energy increments using a running-average procedure in
order to obtain an improved definition of the energy-averaged behavior. These
averaged results are shown in Fig. 2. They follow a smooth energy dependence
with no apparent residual fluctuations. The statistical uncertainties of the
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Fig. 1 Neutron Total and Elastic-Scattering Cross Sections of Palladium.
The present experimental results are indicated by 0 (totals) and
X (elastic scattering). Previously reported experimental values
are noted by;O(totals of Ref. 5), + (totals of Ref. 11), and O
(elastics of Ref. 11). Curves are the results of model calcula-
tions as described in the text.



averaged differential values were _< 3% and frequently < 1%. Systematic
uncertainties associated with the detector calibrations were j£ 3% and
calibrations were reproducible to within that uncertainty. The neutron-scat-
tering angles were known to s; 3/4 deg. Correction procedures introduced
an additional _< 1% uncertainty. Thus the overall uncertainties of the
energy-averaged differential values were < 5%. A region of exception is
the extreme minima of the higher-energy distributions where the uncertainties
can be larger.

The measured differential values were least-squares fitted with a 6tn-order
Legendre-polynomial series with the results shown in Fig. 2. The fitting
procedures also provided the angle-integrated elastic scattering cross sections
shown in Fig. 1. The estimated uncertainty of the latter is <_5%. The present
experimental results are in good agreement with the lower-energy values of
Ref. 11 both with respect to the angle-integrated cross-saction values (shown
in Fig. 1) and the differential distributions.

C. Neutron Inelastic-Scattering Cross Sections

The average spacing of levels in elemental palladium to excitations of
1 MeV is <_ 30 keV. Resolution of such complex structure using time-of-flight
techniques is formidable. The present measurements were further complicated
by the second neutron group from the 7Li(p;n)7Be* source reaction and
by the intentionally relatively-broad incident-energy spreads. As a con-
sequence, all of the inelastic-scattering results were "observed" excitations
due to contributions from several reported levels1 in the same or different
isotopes.

The inelastic- and elastic-scattering measurements were made concurrently
using the same scattering angles, incident energies and incident-energy
resolutions. Excitation energies were accepted when observed with reasonable
consistency at several scattering angles and incident energies. Ten firmly-
and four tentatively-identified excitations were established as outlined in
Table 1. The respective uncertainties are defined as the RMS deviations
from the simple average of a number of measurements. These uncertainties
should not be confused with scattered-neutron resolutions which were often
larger due to instrument resolution and the character of the underlying level
structure. The observed excitations can be correlated with reported levels
in the five palladium isotopes1 as suggested by the isotopic notation of
Table 1.

Angle-integrated inelastic-scattering cross sections were derived from the
differential measured values by fitting a low-order Legendre-polynomial series
(Pn, with orders n <̂  2) to the observed quantities in a manner anologous
to that employed above for elastic scattering. Most of the differential inelastic
distributions were nearly isotropic. Corrections for the second neutron group
from the source reaction were made where required. In some instances these
corrections were speculative due to level and resolution uncertainties. The
uncertainties attributed to the angle-integrated inelastic-scattering cross
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Fig. 2 Differential Elastic-Scattering Cross Sections of Elemental
Palladium. The present experimental results, averaged over a
200-keV incident-energy interval, are indicated by data symbols.
Curves denote the results of fitting the measured values with
Legendre-polynomial series.



sections were similar to those for elastic scattering, with considerably
larger statistical components (10% to >_ 30%) due to low intensities, less de-
finition of scattered-neutron groups and to the necessity of the second-neutron-
group source corrections.

The angle-integrated inelastic-scattering-cross-section results are
summarized in Fig. 3. Excitations of the low-lying (370 to 555 keV), 2+,
levels of the even palladium isotopes are prominent with the composite cross
section exceeding 1 b at some energies. Generally, the observed cross sections
are qualitatively consistent with the previously reported levels of the
palladium isotopes.1 Excitations of levels at energies of >2.0 MeV were
repwatedly observed but the corresponding cross sections were uncertain and
thus abandoned. The present inelastic-scattering results ate reasonably
consistent with the lower-energy values of Ref. 11 and the latter were used
to extend the "eyeguides" of Fig. 3 to lower energies. The cumraulative sum
of these eyeguides is the total inelastic-scattering cross section to 2.0
MeV and it is in good agreement with -he non-elastic cross section implied
by the neutron total and elastic-scattering results of this work.

IV. INTERPRETATION AND DISCUSSION

The interpretation was based upon the conventional spherical optical
model (OM).13 Compound-nucleus (CN) contributions were calculated using
the Hauser-Feshbach formula as modified by Moldauer.11**15 All spherical
calculations were carried out using the OM program ABAREX.16 It was assumed
that the elemental target could be reasonably represented by the even isotope
10fiPd as the even isotopes constitute a 75% of the element and have similar
level structure.1 The effective targe; mass was taken to be 106.5 AMU. The
calculations explicitly treated the excitation of the first 20 levels of
106Pd extending up to 2.5 MeV using the level properties given in Ref. 1.
Higher-energy excitations were approximated using the statistical parameters
of Gilbert and Cameron.17 The 0M potential parameters were derived from the
measured differential-elastic-FC?ittering cross sections- ,i Fig. 2 by con-
currently fitting all of the measured values. In addition, several lower-
energy neutron total-cross-section values were introduced at the time-of
fitting to assure a reasonable low-energy behavior. The present measurements
span too narrow an energy range to reliably determine the energy dependences
of the potential strengths. Thus, it was assumed that the real-potential
energy dependence was -0.3 x E(MeV) in accord with commonly used global
potentials.18 The six 0M parameters (real and imaginary strengths, radii and
diffusenesses) were allowed to vary in the fitting procedures. There was no
subsequent adjustment of the parameters derived from the fitting.

The resulting 0M parameters are given in Table 2. They are qualitatively
similar to those of a number of global parameter sets.18 Quantitative and
detailed discussion of the physical implications of these and other parameters
obtained in similar analyses will be reported elsewhere.19 The parameters of
Table 2 provide an excellent description of the measured differential-elastic-
scattering cross sections as illustrated in Fig. 4. They also provide a good
description of the neutron total and angle-integrated elastic-scattering cross
sections as illustrated in Fig. 1. The difference between measured and calcu-
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lated elastic-scattering cross sections at very low energies is due to the
omission of the i05Pd isotope in the calculations. However, there is some
tendency for the calculated neutron total cross sections to be « 100 mb lower
than the measured values over much of the high-energy range. That is a 2.5%
difference and little beyond the experimental uncertainty alone. Generally,
comparisons of measured and calculated inelastic-scattering cross sections
are difficult due to the uncertain level definition achieved in the measure-
ments. However, the prominent excitations of the first 2+ levels of the even
isotopes were calculated and supplemented with the calculated contributions
from the odd 105Pd isotope with the results shown in Fig. 3. These calculated
results are « 100 mb smaller than the measured values. This is not sur-
prising as the even Pd isotopes are often cited as outstanding examples of
vibrational nuclei and one could expect significant direct-vibrational
excitation of their first 2+ levels not consistent with the spherical 0M
description outlined above. Indeed, assuming a perturbation approach based
upon the parameters of Table 2, the direct—vibrational excitation was calcu-
lated using coupled-channels methods.20 The direct component was ~ 90 mb at
2*0 MeV and rose to ~ 125 mb at 4.0 MeV. The addition of this direct
component to the CN results brings the calculated total inelastic-scattering
cross sections for the excitation of the 2+ levels into agreement with the
measured values to within the experimental uncertainties. Concurrently, the
neutron total cross section is increased by x 100 mb over the higher-energy
region resulting in nearly exact agreement with the measured values. The
perturbation approach is, of course, an over simplification r.id a more
rigorous interpretation should consider the influence of the dire.-.t process
on the derivation of the 0M parameters themselves. Such an exact procedure
is extensive, costly and of uncertain benefit in the present elemental context
and thus was not attempted. Its impact upon the 0M parameters of Table 2 was
estimated to be small.

V. COMPARISONS WITH ENDF/B-V

The evaluated palladium data of ENDF/B-V2 is presented on an isotopic
basis. Therefore, the six isotopic components were combined, weighted on
the basis of isotopic abundance, to obtain elemental evaluated values for
comparison with the present experimental results. The evaluated and measured
neutron total cross sections differ by small amounts at low energies (_<̂  0.5 MeV)
but as the energy increases the ENDF/B values become progressively lower than
the measured quantities by 8-10% as illustrated in Fig. 5 and Table 3. The
ENDF/B elastic-scattering cross sections are universally larger than the
measured values. The difference is a few percent at low energies and increases
to 10-15% at 3 to 4 MeV as indicated in Fig. 5 and Table 3. The neutron total
and elastic-scattering differences between measurement and evaluation are
generally in opposite directions. Thus, there is a large difference between
the non-elastic cross sections implied by the evaluation and the measurements;
amounting to 30-50% (see Fig. 5 and Table 3). This difference is primarily
associated with the inelastic scattering process as illustrated in Fig. 6.
The elemental inelastic-scattering cross sections of the present measurements



10.0

Pd

En,lMeVl

Fig. 5 Neutron Total, Elastic-Scattering and Non-Elastic Cross Sections
of Element Palladium. The heavy lines are "eyeguides" constructed
through the measured values* The light lines are the corre-
sponding cross sections taken from ENDF/B-V2.



En,(MeV)
Fig. 6 Comparison of Measured and Evaluated Inelast.tc-Scattering Cross

Sections of Elemental Palladium. The heavy curves indicate the
total inelastic scattering cross sections and the cross sections
for the excitations of all levels up to excitation energies of 580
keV taken from the experimental measurements. The light curves
represent the corresponding quantities taken from ENDF/B-V2.
The data symbols are representative non-elastic cross-section
values implied by the present measurements.
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imply a total inelastic-scattering cross section 40-60% larger than given by
the evaluated data files. That is a large difference much of which is
associated with the excitations of the first 2+ levels of the prominent
even isotopes. The inelastic-scattering differences are much larger than
the experimental uncertainties and there is reasonable consistency between
measured neutron total, elastic-scattering and inelastic-scattering cross
sections. The inelastic scattering cross sections are large and have
relatively low-energy thresholds. The above large discrepancies are
of applied significance as they considerably exceed the inelastic-cross-
section goals usually quoted for fission products.

VI. SUMMARY COMMENTS

The present measurements improve the experimental knowledge of neutron
total cross sections of elemental palladium from C.5 to 4.5 MeV, of elastic-
scattering cross sections from 1.5 to 3.8 MeV, and of the inelastic-scattering
cross sections corresponding to the excitation of levels to _< 2.0 MeV. The
experimental results form a good data base from which was deduced a spherical
optical potential that reasonably describes the observables. The resulting
parameters are similar to those of a general optical potential applicable to
this fission-product region.19 Detailed comparisons of measured and calcu-
lated cross section suggests possible contributions from the direct-vibrational
excitations of the first-excited levels of the even palladium isotopes. The
experimental results were compared with the corresponding values given in
ENDF/B-V2. Large discrepancies between some measured and evaluated cross
sections were noted. In particular, measured and evaluated inelastic-
scattering cross sections differed by 40-60%. The latter discrepancy is
predominently attribrted to the even isotopes of palladium. The total
inelastic-scattering cross section is large and has a relatively low-energy
threshold. Thus, large uncertainties in the inelastic-scattering cress sections
of these prominent fission products are of applied significance.
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Table 1
Observed Inelastic-Neutron Excitation Energies

No.

1 .

2 .

3 .

4.

5 .

6.

7 .

8 .

9 .

10 .

1 1 .

12 .

1 3 .

14 .

Ex(MeV)a

0.305 ± 0.025

0.408 ± 0.052

0 . 5 c

(0 .642) d

0. /91 ± 0.026

0.946 ± 0.024

1.150 + 0.031

1.357 ± 0.054

1.553 ± 0.054

1.705 ± 0.069

1.937 ± 0.048

(2.059)d

(2 .110) d

(2 .207) d

Contributing

105

105,

A l l

105

105

105,

105,

104,

105,

All

A l l

108

108

106

105,

106,

and

and

£Tid

, 108

, 108

Isotopes**

110

110

108

and 110

and 110

a. Uncertainty defined as RMS deviation from the
simple average of a number of observations and
does not necessarily reflect scattered-neutron
resolutions.

b. Estimates based upon level structures as given
in Ref. 1, the 1%-abundant 102Pd is ignored.

c. Inclusive of all excitations up to 580 keV.

d. Values based upon limited observation precluding
quantitative uncertainty estimate.
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Optical-Model

Real Potential*1

Strength

Radius11

Table 2

Parameters

V = 47,

ro = 1,

.348

.260

Diffuseness ay = 0.

V x rg = 75.17

for

636

Palladium

MeV

F

F

McV x F2

j/AC = 441.18 MeV x F3

Imaginary Potential

Strength W = 10.16 MeV

Radius ro = 1.231 F

Diffuseness a w = 0.527 F

W x Aw = 5.36 MeV x F

J/Ac = 88.36 Me" x F3

a. Saxon form; assumed energy dependence of
-0.3 x E(MeV); throughout, spin-orbit potential
of Thomas form with a 6 MeV strength.

b. All radii expressed as R = r0 x A

c. Potential integral per nucleon.

d. Saxon-derivative form.
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Table 3

Comparison of Present
Experimental Results with ENDF/B-V2 Values

E (MeV)

0 . 5

1.0

1.5

2.0

2.5

3 .0

3.5

4.0

6ot

-0.6%

-2.7%

+4.1%

+7.3%

+10.0%

+11.5%

+8.4%

+6.9%

6 =

So .
e l

-1.3%

-8.2%

-3.8%

- 4 . 3 %

-8.5%

-11.6%

-14.9%

-12.0%

,EXP - ENDF.
1 ENDF '

So .non—el

+43.0%

+27.0%

+34.0%

+35.0%

+44.0%

+48.0%

+44.0%

+35.0%

6a. ,l n e l

+42.0%

+50.0%

+63.0%

+67.0%

—

—

—

—


