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Abstract

Neutron cross sections for a complete set of Nd isotopes, 142:143,144,145,146,147,148,150 N q

were evaluated in the incident energy range from 107° eV to 20 MeV. In the low
energy region, including thermal and resolved resonances, our evaluations are based
on the latest data published in the Atlas of Neutron Resonances. In the unresolved
resonance region we performed additional evaluation by using the averages of the re-
solved resonances and adjusting them to the experimental data. In the fast neutron
region, we used the nuclear reaction model code EMPIRE-2.19 validated against the
experimental data. The results are compared to the existing nuclear data libraries,
including ENDF/B-VIL.8, JENDL-3.3 and JEFF-3.1, and to the available experi-
mental data. The new evaluations are suitable for neutron transport calculations
and they were adopted by the new evaluated nuclear data file of the United States,
ENDF/B-VIL.O0, released in December 2006.
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1 Introduction

Fission products, broadly defined as nuclei with Z = 31 - 68, accumulate
in an operating reactor as the fuel undergoes fission. Many of them have
large neutron absorption cross sections in thermal, resonance and keV energy
ranges. Furthermore, they release radiation and heat after shutdown as well as
during reactor operation. Consequently, spent fuel is highly radioactive when
removed from reactor and it must be cooled by being stored prior to processing
or disposal. Accordingly, neutron cross section data on fission products play
an important role not only in the design of an extended burn-up core and fast
reactors, but also in the study of the back-end fuel cycle and the criticality
analysis of spent fuel.

Many fission product evaluations in the U.S. ENDF/B-VI library were not
revised for a long period of time, often 30-35 years, making the need for new
evaluations a pressing issue. As a part of the effort to rectify this situation,
a collaborative BNL - KAERI project was initiated with the aim to produce
improved evaluations for the most important fission products. The project
produced new files for 32 fission products [1], including a complete set of Nd

isotopes. All these evaluations were adopted by the new U.S. evaluated library,
ENDF/B-VILO, released in December 2006 [2].

The priorities for the fission products were identified by considering fission
yields and neutron capture cross sections. Following the analysis by DeHart,
ORNL, in 1995 [3], 135Nd ranked 2 and 11 on the list of possible fis-
sion products, respectively, for initial enrichment of 4.5% 23U, burnup of
50 GWD/MTU, and a 5-year cooling period. The present exercise extends to
all remaining isotopes of neodymium, including stable 142:144146:148,150Nq and
radioactive *"Nd, to take full advantage of the simultaneous evaluation of the
complete isotopic chain with modern evaluation tools and procedures.

The previous U.S. evaluations for Nd were performed in 1980 and did not
take into account more recent measurements. The BNL-KAERI collaborative
project first addressed the evaluations of the resonance region for 19 prior-
ity fission products including *3!4°Nd that were adopted by ENDF/B-VI1.8
library in 2001 [4]. Then, the present work revisited *31%5Nd, added fast neu-
tron region and extended the evaluation effort to all remaining Nd isotopes in
the full energy range from 107° eV to 20 MeV.

Our evaluations take advantage of a number of recent developments combined
into powerful evaluation tool that, by far, exceeds previous capabilities. These
developments combine a number of codes, methods, databases and computer
power into a single product of considerable power and performance.

The paper is organized as follows. In Chapter 2 we review the status of avail-



able evaluations and the status of new experimental data since 1980. In Chap-
ter 3 we describe the evaluation methodology. Then, we proceed with actual
evaluations, Chapter 4 is devoted to the low energy region, followed by Chap-
ter 5 describing the fast neutron region. Conclusions are drawn in Chapter

6.

2 Status of evaluations and measurements

Our results are always compared with the existing evaluated nuclear data
libraries, ENDF/B-VI.8 JENDL-3.3 and JEFF-3.1. The Nd evaluations in

these libraries can be summarized as follows:

e ENDF/B-VI8 (released in 2001)
- General: ENDF/B-V was converted to ENDF-6 format to create initial
version of the ENDF/B-VT library in 1990. The evaluations by Schenter
et al. of 1*%"Nd were completed in 1974 and those of 143:144,145,146,148,150N q
in 1980.

- Resonance parameters: Parameters recommended by Mughabghab et al. [5]
were adopted, those of 3%Nd were modified by J. Chang and S.F.
Mughabghab in 1999.

- Fast neutron region: Theoretical calculations were performed using the
optical model potential (OMP) of Moldauer [6], COMNUC-3 code for
inelastic and capture, and NCAP code for capture. Angular distributions
of neutrons were assumed to be isotropic except for the elastic scattering.

e JEFF-3.1 (released in 2005)
- General: JEFF-3.1 and JEFF-3.0 are the same as JEF-2.2 which adopted
old ENDF/B-V evaluations for 1#!47150Nd  the ENEA evaluation (1979)
for 13Nd, and RCN-3 evaluation (1978) for 44145116118 Nq

- Resonance parameters: The parameters for 142143:147150Nd were updated in
1980 and for "*11°Nd in 1986 using the data from Ref. [7]. The resonance
region of M&118Nd, based on the data from Ref. [5], were corrected by
inserting background cross sections in 1990.

- Fast neutron region: No detailed information is available. The charged
particle emission cross sections were included in 1989 adopting REAC-
ECN-4.

e JENDL-3.3 (released in 2002)
- General: JENDL-3.3 is the same as JENDL-3.2 that propagated from
JENDL-3.1. The evaluations of 142:143,144,145,146,148,150N q were made in 1984
for JENDL-2 and revised in 1990 for JENDL-3.1, while *"Nd was newly
evaluated in 1990. All evaluations were prepared by the JNDC Fission
Products Nuclear Data working group.

- Resonance parameters: Resolved resonance parameters were based on the
data of Tellier [8] and Musgrove et al. [9]. A negative resonance was added



to reproduce the thermal capture cross sections of Ref. [7]. The resonance
parameters of 142143:144145N( were updated in JENDL-3.2.

- Fast neutron region: Nuclear reaction model calculations for total, elastic
and inelastic scattering, and capture cross sections were carried out with
the statistical code CASTHY, direct inelastic with DWUCK-4, direct /semi-
direct capture with a simple formula [10], while other reaction channels
were computed with preequilibrium and multi-step model code PEGA-
SUS.

New, theory based, evaluation techniques make extensive use of model calcula-
tions with experimental data being critical for constraining model parameters.
Such adjusted set of parameters is expected to perform reliably also for the re-
actions and/or isotopes for which no measurements are available. We searched
for the experimental data in the experimental database CSISRS/EXFOR, and
surveyed relevant journal articles and available reports. Since the last evalua-
tion of the fast neutron region for the ENDF/B-VLS8, carried out in 1980, the
following new cross section measurements on Nd isotopes were performed:

e (n,tot): Poenitz et al. [15], Wisshak et al. [16]

e (n,y): Wisshak et al. [16], Bokhovko et al. [17], Trofimov [18,19], Afzal
Ansari et al. [20]

e (n,2n): Kasugai et al. [21], Gmuca et al. [22], An et al. [23]

e (n,p): Grallert et al. [24], Gmuca et al. [22], Sakane et al. [25], Kasugai et
al. [21], Bari [26]

e (n,): Grallert et al. [24], Gmuca et al. [22], Bari [26], Koehler et al. [27],
Sakane et al. [25], Majeddin et al. [28].

The results are summarized in Table 1. Although experimental data for many
reaction channels are available, they are usually insufficient to fix model pa-
rameters unambiguously. For instance, total cross sections for many Nd iso-
topes were measured only in the low energy region while the fast neutron
region remains unexplored, except for the single-energy points available for
most of the isotopes, except for 1**Nd. In order to work around the insufficient
experimental data and constrain model parameters for all of the neodymium
isotopes, we performed a simultaneous evaluation for the entire chain.

3 [Evaluation methodology

Our evaluations are based on the Atlas-EMPIRE methodology developed over
several recent years by the National Nuclear Data Center, BNL, with several
external collaborators. This methodology covers both the low-energy region
(thermal energy, resolved resonances, unresolved resonances) and the fast neu-
tron energy region.



Table 1

Summary of neutron-induced reaction channels for 8 neodymium isotopes for which
experimental data are available. The isotopic abundances and the upper boundaries
of the unresolved resonance region (URR) are also given.

Experimental Abundance URR upper limit

Isotope data Y, .
M2Nd  tot,el,v,2n,p, a 27.2 200.0
13Nd tot,v,p, o 12.2 225.0
H4AN(g tot,el,v,2n, 23.8 250.0
H45Nd tot, vy, p, o 8.3 67.69
H6Nd  tot,el,~,2n,3n,p 17.2 456.97
H47Nd - 0.0 50.3
H8Nd  tot,el,v,2n,3n,« 5.7 300.0
150Nd tot,el,y,2n,3n 5.6 130.97
natNd tot,el,n’ 100 -

3.1 Atlas-EMPIRE system

In the low energy region, our methodology is based on the latest data pub-
lished in the Atlas of Neutron Resonances [11]. This resource is used to infer
both the thermal values and the resolved resonance parameters that are val-
idated against the capture resonance integrals. The multi-level Breit-Wigner
formalism is used to describe resonances. The resonance parameters are taken
from the electronic version of the library that contains all data from the Atlas
and is available locally at the NNDC.

In the unresolved resonance region (URR) one performs additional evaluation
by using the average values of the resolved resonance parameters as the start-
ing point. In cases where the resolved resonance parameters are not available,
and suitable averages cannot be produced, one takes the average values from
systematics described in the Atlas. Then, these initial average resonance pa-
rameters are adjusted to the experimental data. As a rule, the URR upper
energy is defined by the first excited level of the target nucleus.

In the fast neutron region, our methodology is based on the nuclear reaction
model code EMPIRE-2.19 [12,13] with a consistent set of input parameters for
a complete isotopic chain. EMPIRE is a modular system of codes consisting of
many nuclear reaction models summarized below. The code is equipped with
a powerful GUI interface, allowing an easy access to support libraries, the
plotting package, as well the utility codes for formatting and checking. The



two most important support libraries include the Reference Input Parameter
Library [14], RIPL, and the library of experimental neutron cross sections
CSISRS (also known as EXFOR).

In general, in EMPIRE calculations we use the RIPL-2 library for the initial set
of model parameters. These parameters are properly adjusted to reproduce the
available experimental data taken from the CSISRS library. Our evaluations
cover cross sections for almost all reaction channels including photon produc-
tion, energy spectra of emitted particles and their angular distributions, as
well as recoils.

Then, the evaluated data are converted into ENDF-6 formatted files, checked
by a set of the checking codes, processed with the processing code NJOY,
and subjected to test runs with the Monte Carlo neutronics code MCNP to
ensure that they can be used in transport calculations. For more details of
this procedure see Ref. [2].

3.2  Reaction model codes in EMPIRE

All evaluations in the fast neutron region were performed with the new EM-
PIRE code system [13] that has been used for the first time to provide a
number of consistent, complete evaluations to the evaluated nuclear data li-
brary. The nuclear reaction physics of EMPIRE is described elsewhere [12]
and we are not going to repeat it here. Rather, we limit ourselves to a short
summary of the codes included in the system.

EMPIRE calculates cross sections for all relevant reaction channels, angular
distributions, exclusive and inclusive particle- and y-spectra, double-differential
cross sections, and spectra of recoils. The code observes angular momentum
coupling (at least in the statistical decay part) and is, therefore, capable of
detailed modeling of the v-cascade providing v production spectra, intensities
of discrete transitions, and isomeric cross sections. Nuclear reaction models in-
cluded in the code can be classified into three major classes: (i) optical model
and direct reactions (coupled-channels, CC, and distorted-wave Born approx-
imation, DWBA), (ii) preequilibrium emission, and (iii) Hauser-Feshbach sta-
tistical decay. Inclusion of multiple preequilibrium processes allows us to cover
incident energies ranging from the upper limit of resolved resonances up to
about 150 MeV.

This modular code system integrates into a single system a number of im-
portant modules and specific nuclear reaction model codes. The list is given
below, for more details including references we refer the reader to the recent
extensive paper [12]:



e Spherical and deformed Optical Model including coupled-channels (code
ECIS03 by J. Raynal)

e Hauser-Feshbach Statistical Model including HRTW width fluctuation cor-
rection (code developed for EMPIRE by M. Herman)

e Quantum-mechanical Multi-step Direct Model in TUL formalism (codes
ORION & TRISTAN by H. Lenske), and Multi-step Compound Model in
NVWY formalism (code developed for EMPIRE by M. Herman)

e Exciton Model with angular momentum coupling (code DEGAS by E. Bétak
and P. Oblozinsky) that represents a good approximation to the direct /semi-
direct capture model

e Exciton Model with Iwamoto-Harada cluster emission and Kalbach system-
atics for angular distribution (code PCROSS by R.Capote)

e Complete gamma-ray cascade after emission of each particle, including re-
alistic treatment of discrete transitions

e Access to the Optical Model segment of the RIPL-2 library [14]

e Built-in input parameter files, such as masses, level density, discrete levels,
fission barriers and gamma strength functions based on the RIPL-2 library

e Automatic retrieval of experimental data from the EXFOR/CSISRS library

e ENDF-6 formatting (code EMPEND by A. Trkov) coupled to graphical
presentation capabilities (code ZVView by V. Zerkin) through the chain of
preprocessing routines (PrePro codes by R. Cullen)

e ENDF checking codes (CHECKR, FIZCON, PSYCHE by C. Dunford)

e Support for the Los Alamos processing system (code NJOY by R. MacFar-
lane).

4 Evaluation in the low energy region

A statistical analysis of neutron resonances was used by S. Mughabghab, BNL,
to produce the well known BNL-325 report. Its 5 edition was published in
2006 as the “Atlas of Neutron Resonances: Resonance Parameters and Ther-
mal Cross Sections, Z = 1 - 100” [11], hereafter referred to as the Atlas.
This represents a considerable update to the 1981 [7] and 1984 [29] editions
of BNL-325. These latest thermal values and resonance parameters provided
a basis for the evaluations of six neodymium isotopes, 142:144:146,147,148, 150N
The remaining evaluations, *3!%°Nd isotopes, were performed by J. Chang
and S.F. Mughabghab in 1999 for ENDF /B-VL8. In 2006, we reviewed these
results, found good agreement with the Atlas and concluded that no changes
are needed, though some other modifications were introduced as described
below.



4.1 Thermal values and resolved resonances

Accurate knowledge of the thermal neutron (2200 m/sec or 0.0253 eV) capture
cross section is of paramount importance and considerable experimental as
well as evaluation effort was expended in obtaining precise and consistent
thermal constants. In the ENDF-6 format used to store the evaluated nuclear
data these quantities are not given explicitly, they must be inferred from the
resolved resonance parameters.

In the present work the resolved resonance region was parameterized within
the multi-level Breit-Wigner formalism using the parameters based on the
Atlas. Therefore, the thermal cross sections calculated from these parameters
should reproduce the values recommended in the Atlas. Table 2 shows the
thermal values for the total, elastic and capture cross sections, as well as
the capture resonance integrals and these are compared with the Atlas. There
are minor differences in the calculation of the thermal scattering cross sections
which may be attributed to differences between the code applied in the present
work and that used in the Atlas. The notable exception is the scattering cross
section of *°Nd which is due to differences in the parameters of the bound
level in the Atlas as compared to that of Oh et al. [4], particularly the spin
of the bound level. The other major difference between the present work and
the Atlas value is the resonance capture integral of *’Nd where the Atlas
value, 430 b, is computed for known resonances below 33 eV while the present
value, 530.9 b, includes contributions from the unresolved resonance and fast
neutron regions.

Fig. 1 illustrates some of our results in the thermal and resolved resonance
regions by showing 143Nd capture cross sections and comparing them to
ENDF/B-VLS8, JEFF-3.1 and JENDL-3.3 libraries and to the measurements.
It can be seen that our evaluations are in fairly good agreement with the data
as well as with the other libraries.

4.2 Unresolved resonances

As a starting point, the average resolved resonance parameters were adopted
from the Atlas. If average values were not recommended there, such as the
d-wave strength functions, the relevant quantities were derived from the sys-
tematics as represented in the figures shown in the Atlas. Adjustments in the
average parameters were then carried out within their uncertainty limits until
the calculations were consistent with the best measurements. In the present
analysis the data of Wisshak et al. [36] below 213 keV are judged to be the
best. Above this energy, the measurements of [17] is considered as a guid-



Table 2

Calculated thermal cross sections and capture resonance integrals for the Nd iso-
topes compared to values recommended in the Atlas of Neutron Resonances [11] (in

barns).
Isotope Reference Total Elastic Capture  Resonance Integral
12N(d present 26.63 7.93 18.70 6.18
Atlas 26.240.2 7.5+0.5 18.7+0.7 34+11
43Nd  present 405.25 80.10 325.15 130.17
Atlas 404.3+10.2 79.342.0  325+10 129430
144Nq present 5.04 1.45 3.59 4.44
Atlas 4.36+0.31 1.0+£0.2 3.64+0.3 4.240.5
H5Nd  present 68.50 18.67 49.83 245.04
Atlas 66.5+1.1 16.5+0.4 50.0£1.0 230+35
146Nd  present 11.74 10.25 1.49 2.92
Atlas 11.09+£0.41 9.6+0.4 1.4940.06 2.57+0.14
WINd  present 551.66 111.09 440.57 539.83
Atlas - - 440+150 430
148Nd  present 6.96 4.38 2.58 15.94
Atlas 6.9240.41 4.344+0.5 2.5840.07 15.5+1.5
150Nd  present 5.66 4.62 1.04 15.57
Atlas 5.64+0.40  4.6+0.4 1.0440.04 15.240.8
T T T T T T T T 1041 T T T T T T T i
104 ¢ 4
— _10%F b
g 102 gt 1
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101 10 10% 108 107 10° 10° 107 10 10 10° 108 107 10° 107
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Fig. 1. Evaluated capture cross sections for 14314°Nd in the thermal and resolved res-
onance region compared to other evaluated libraries and the measurements [30-35].
Our results are shown in red.



ance in the fitting procedure. For 1®*Nd, only one cross cross data set in the
unresolved energy region is available [37], while for radioactive 4"Nd no exper-
imental data are reported. The final evaluated values are given in Table 3 and
are compared with the recommendations of Mughabghab as given in the Atlas.

Table 3

Unresolved neutron resonance parameters for Nd isotopes. The present results are
compared with the Atlas for the average resonance width, < D >, the average
capture width, < I', >, and the neutron strength function, S,,.

Isotope Source < D >, eV <I'y >, mev S,, x107%
S-wave S-wave p-wave d-wave S-wave p-wave d-wave
M2Nd  present 1170 48.5 43.5 46 1.7 0.58 1.45
Atlas  1035+135 | 6748  48+5 - 1.4540.49 0.58+0.13 -
143Nd  present 36.0 79.9 40 79.9 3.62 0.8 1.5
Atlas  37.6+£2.1 | 7344 - - 3.67+£0.55 0.8540.31 -
MANd  present 450 57.0 43 48 5.36 0.92 3.0
Atlas 450450 5144  36+6 - 5.36£1.16 0.77+0.15 -
M5Nd  present 18.0 76.5 40 76.5 4.75 1.2 0.8
Atlas  17.8+0.7 | 5845 - - 4.46+0.44  0.8+0.4 -
H16Nd  present 210 44.0 30 36 3.0 1.6 1.25
Atlas 235429 54+6 23 —~ 2.6+0.4  1.240.4 -
MTNd  present 6.3 68.8 29 45 3.4 1.2 3.0
Atlas 4.441.5 75.0 - - —~ —~ -
H8Nd  present 165 46.0 34 40 3.96 1.09 3.0
Atlas 179+14 3945 - - 3.2940.67 0.92+0.17 -
150Nd  present 169 61.0 41 50 3.4 1.2 3.0
Atlas 169411 | 67425 - - 3.0£0.4  0.840.2 -

Upper energies of the unresolved resonance regions are usually set equal to
the energy of the first excited level of the target nucleus. However, the first
excited levels in %4Nd are relatively high, which makes it difficult to find a
smooth match between the unresolved resonance region and the fast neutron
region. Accordingly, in the two above mentioned cases, the upper boundaries
of the unresolved resonance regions were lowered to ensure smooth match
with the fast neutron region. The quality of our evaluations along with these
mergings is illustrated in Fig. 2 for capture cross sections on all considered
neodymium isotopes. The adopted boundaries of the unresolved resonance
regions are listed in Table 1.
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5 Simultaneous evaluation in the fast neutron region

The simultaneous evaluation of a complete isotopic chain is an important as-
pect of our procedure. As described in Sec. 3, the combined capabilities of the
Atlas of Neutron Resonances, the nuclear reaction model code EMPIRE, input
parameter libraries such as the Reference Input Parameter Library (RIPL-2),
experimental cross section library CSISRS/EXFOR, and numerous ENDF for-
matting and checking utilities have expedited evaluation procedures and made
newly evaluated files more complete and reliable. The modern nuclear reaction
codes are sufficiently powerful and flexible so that evaluators can search for
a coherent set of parameters that defines recommended cross sections for all
members of the isotopic chain.

We take advantage of the fact that certain critical model parameters, such
as optical potential and asymptotic value of the level density parameter, vary
smoothly as function of mass number. Accordingly, they do not differ too much
among individual members of the isotopic family. Taking into account known
mass dependencies or trends for certain model parameters we were able to use
experimental data for the neighboring isotopes and for the natural element to
constrain model parameters for individual isotopes even if no measurements
on a given isotope/reaction are available. When doing this, we accounted for
the prominent, and well understood, differences between various isotopes such
as binding energies, deformations, and discrete level schemes. Adequate con-
sideration of these factors is critical for the reliable implementation of the
procedure. Fortunately, most of these quantities are known with a reasonable
level of confidence. This justifies ascribing some residual discrepancies between
calculations and experiments to the less known but slowly varying parameters
that can be adjusted by tuning the related systematics. Implementation of
such consistent set in reaction calculations ensures that the differences among
evaluations can be understood in terms of the physical differences among the
isotopes (e.g., different ground state deformations).

5.1 Determination of the optical model potential (OMP)

The total cross section is best known for “4Nd. There are measurements by
Wisshak et al. [16] in the unresolved resonance region and by Shamu et al. [43]
from 0.7 MeV up to 14 MeV, and a single-energy point by Djumin et al. [44]
at 14.2 MeV. In addition, there is the measurement of the elastic angular
distribution at 7.0 MeV by Haouat et al. [45]. These data allow to derive
parameters of the optical model potential within acceptable margins. Our
results are discussed below, shown later are Figs. 8 and 10 confirming that
calculated total cross sections reproduce the reported experimental data [43—

12



45).

The situation for other neodymium isotopes, 14%143:145,146.148N( " i5 not so fa-
vorable. There exist measurements by Wisshak et al. [16] in the unresolved
resonance region, and single energy-points at 14.2 MeV by Djumin et al. [44]
(the latter is not available for the radioactive *"Nd) but these data do not con-
strain model calculations sufficiently to determine optical model parameters.
To overcome this difficulty we resorted to the wealth of measurements [15,46—
50] on natural neodymium. Although these data do not allow to address indi-
vidual isotopes, they provide an overall energy dependence that can be refined
by referring to isotopic measurements. For instance, the elastic angular distri-
butions measured by Haouat et al. [45] can be used to adjust OMP to describe
interaction of neutrons with 4%146:148N( isotopes.

We used spherical optical models to calculate transmission coefficients for all
ejectiles involved in the reactions. However, the incident channel was treated
in terms of the coupled-channels formalism rather than the spherical optical
model. Accordingly, a proper coupling between collective levels was essential
for describing cross sections and angular distributions of neutrons inelastically
scattered to collective levels. In certain cases we also included direct scattering
to the collective levels embedded in the continuum. We performed coupled-
channels calculations for the ground state rotational bands in 1434%147Nq as
shown in Table 4. For #2!4Nd, the harmonic vibrational coupled-channels
calculations were employed for the low-lying one-phonon and two-phonon dis-
crete levels. For the 146:148:150N( isotopes we included DWBA calculations to a
number of collective levels in addition to the standard coupled-channels treat-
ment of the ground state rotational band. We note, that in the latter three
isotopes we allowed for discrete levels embedded in the continuum to improve
high energy parts of neutron spectra.

The initial optical potential parameters for neutrons were based on the spher-
ical parameterizations developed by Koning et al. [51]. Since the neodymium
isotopes are deformed and require the use of the DWBA and CC formalisms
proper adjustments of the spherical potentials were needed for physically
meaningful description of all reaction channels. These adjustments were per-
formed retaining flexible functional form of the original Koning’s parameteri-
zation. The real volume part of the potential is represented as

Vi (E) = vl — va(E — Ef) + v3(E — Ef)? — va(E — Ey)?], (1)
the imaginary volume part of the potential reads

(E — Ey)?
(B — Ef)? + w3’

Wv(E) = W1
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Table 4
The ground state rotational band and its quadrupole deformation parameter ((33)
used in the coupled-channels calculations for 143:145:147N(.

Isotope E, MeV J" B2
MSNd  0.0000 7/27  0.100
1.4071  9/2 "

1.4312  11/2= "
WSNd  0.0000 7/27 0.114
0.6577 11/2— "

07483 9/2= "
YINd  0.0000 5/2= 0.151

0.0499 7/2= "

0.1903 9/2= "

the surface imaginary potential is expressed by

(E - Ey)?
(B — Ey)* +d3

Wp(E) = dy exp[—dy(E — Ey)], (3)

the real spin-orbit term is
Vso(E) = vsorexp[—vso2(E — Ey)], (4)
and its imaginary counterpart is

(E — Ef)?

WSO(E) = wSOl (E o Ef>2 + (U}SO2)2’

(5)

where v;,d; and w; are the parameters and E is the Fermi energy. The form
factor is of the usual Woods-Saxon shape,

f(r, Riya;) = (1 + eap|(r — Ri)/ai]) ™ (6)
and the nuclear radius is given as
Ri = TiAl/S, (7)

where A is the atomic mass number, and the geometrical parameters, r; and
a;, stand for the radius and diffuseness, respectively. In all cases, these ge-
ometrical parameters were assumed to be energy-independent. The neutron
optical model parameters used in the present work are given in Table 5.

For protons we consistently used parameterization by Koning et al. [51] and
for a-particles the parameterization by Avrigeanu et al. [52]. Since emission
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of both charge particles from neodymium isotopes is of limited importance for
applications, we adopted these global potentials without any modifications.
This choice is also justified by the overwhelming contribution of the preequi-
librium processes to the (n,p) and (n,«) reactions on the neodymium isotopes.

Table 5

Neutron coupled-channels optical model parameters used in the evaluations of
Nd isotopes. For explanation of parameters see Eqs.(1-7), r; and a; are given in fm,
v;,d; and w; in MeV, MeV~! or MeV 2 as applicable, and E ¢ in MeV. The coupling
schemes are discussed in the text.

142Nd 143Nd 144Nd 145Nd 146Nd 147Nd 148Nd 150Nd

V1 50.2 51.2 52.6 51.6 51.658 51.6 51.658 51.8
ve  0.0075  0.0085  0.0089  0.0085 0.007 0.0085  0.0073  0.0073
vy L.7x107° 1.7x10~° 1.7x10~° 1.7x10~° 1.7x107° 1.7x10~° 1.7x10~° 1.7x107°
vy 7.0x107? 7.0x107? 7.0x107Y 7.0x107? 7.0x107? 7.0x107Y 7.0x107° 7.0x107?

Ty 1.253 1.247 1.252 1.247 1.25 1.247 1.255 1.255
ay 0.66 0.66 0.64 0.66 0.64 0.66 0.67 0.68
wy 14.2 14.2 14.2 14.2 14.2 14.2 14.2 14.2
wa 86 86 86 86 86 86 86 86
D 1.25 1.258 1.258 1.258 1.258 1.258 1.258 1.258
ap 0.55 0.58 0.56 0.58 0.58 0.58 0.55 0.54
dy 13.0 14.0 12.8 14.0 14.0 14.0 14.6 14.0
do 0.0276 0.0276 0.276 0.276 0.276 0.276 0.276 0.276
ds 13.2 13.2 13.2 13.2 13.2 13.2 13.2 13.2
SO 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
aso 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59
Vsol 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4

Vo2 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

Wsol -3.1 -3.1 -3.1 -3.1 -3.1 -3.1 -3.1 -3.1
W02 160 160 160 160 160 160 160 160
Ey -7.97 -7.97 -7.97 -7.97 -7.97 -7.97 -7.97 -7.97

5.2 Comparison of evaluations for various isotopes

Our parameterization of the optical model was validated by comparing calcu-
lated total cross sections and elastic scattering angular distributions with the
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experimental data in the unresolved resonance and fast neutron regions.
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Fig. 3. Total cross sections for Nd isotopes calculated using coupled-channels
formalism with optical potentials of Table 5 compared to the experimental re-
sults [15,46-50,16,44,43].
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Fig. 4. Calculated total cross sections for "*Nd compared with the measure-
ments [15,46-50].

Fig. 3 summarizes results for the total cross sections by comparing our iso-
topic calculations with experimental data taken on "*Nd [15,46-50] as well
as on the individual isotopes [16,43,44]. Our coupled-channels calculations are
divergent below 1 MeV and tend to approach each other above. In the latter
range they closely follow measurements on "*Nd. In the lower energy range
the calculations grasp the main tendencies revealed by the experimental data.
Fig. 4 demonstrates how well the calculated total cross sections on "**Nd repro-
duce measurements . For the purpose of this comparison, the calculated cross
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sections for "®Nd were obtained as a sum of cross sections for all individual
isotopes weighted by their respective abundances.
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Fig. 5. Inelastic cross sections for all Nd isotopes compared to the measurement on
"aNd [53].

The agreement is also good for the elastic scattering angular distributions for
142,144,146, 148N at 7.0 MeV [45] as shown later in Fig. 10. We note, that these
angular distributions were included in the fit to constrain optical potential on
different isotopes.

We illustrate advantages of the simultaneous evaluation by plotting together
evaluated cross sections for the major reaction channels for all isotopes of
neodymium. We anticipate that our results, in addition to the optical model
potential, depend also on other parameters involved in the calculations. Fig. 5
shows the inelastic cross sections compared to the experimental data on "*Nd [53].
This relatively old (1968) experiment does not provide a stringent test of the
calculations but the measurements are consistent with the new evaluations.
We note that our (n,n’) cross sections near 20 MeV are in the range of 300-400
mb due to the strong contribution of the preequilibrium and direct reaction
processes.

Fig. 6 shows (n,2n) cross sections for a series of neodymium isotopes. The
results obtained for '4%144146,148,150N( reproduce the available experimental
data. In the case of the remaining isotopes, 4314514"Nd, for which there are
no measurements, we obtain consistent shapes and trends due to the homoge-
neous modeling involved in the evaluation procedure.

Fig. 7 shows capture cross sections compared to the selected sets of experi-

mental data obtained after elimination of raw and apparently wrong results.
One can see that we consistently reproduce the data for all isotopes.
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5.8 Discussion of individual reactions

In general, we restrict our discussion to those Nd isotopes where experimental
data are available. Also, we consider practical importance of cross sections
and focus on the two priority isotopes, 43145Nd.
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Fig. 8. Evaluated total cross sections for all Nd isotopes in the fast neutron energy
region compared to other evaluations and to the isotopic measurements [16,43,44].
Shown for comparison in lighter color are measured data on "*Nd [15,46-50].

5.3.1 Total cross sections

Fig. 8 shows total cross sections for the Nd isotopes where experimental data
are available. Our results are compared with the ENDF/B-VI.8 JEFF-3.1
and JENDL-3.3 evaluations. The data measured by Wisshak et al. [16] were
used as a guide for the evaluation of 427146:148N( in the unresolved resonance
region. In order to ensure smooth cross sections, we disregarded several mea-
surements which deviated too much, see *>!48Nd. In the fast neutron region,
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Fig. 9. Evaluated elastic cross sections for *27145Nd in the fast neutron region
compared to other evaluations and to the measurements [65,45].

our evaluations normally considered the experimental data on the natural
neodymium [46,49,48,50,15,47], because there is not sufficient experimental
information available for the individual isotopes. Actually, in most cases there
exist only one point measured by Djumin et al. at 14.2 MeV. The only excep-
tion is "4Nd for which total cross sections were measured by Shamu et al. [43]
from 0.7 MeV to 14 MeV.

We started our evaluation with adjusting the optical model parameters to re-
produce total cross sections [43] and elastic angular distributions [45] on *4Nd.
The resulting optical model parameters for 1**Nd were subsequently used as an
initial guess for the remaining neodymium isotopes. They were adjusted to re-
produce measured data for the total cross sections on "**Nd [46,49,48,50,15,47]
and isotopic Nd [44], and angular distributions of the elastic scattering on iso-
topic Nd [45]. Our evaluations reproduce the isotopic experimental data well
as shown in Fig. 8. Although the total cross section of 6Nd differs by 3.3%
from the value measured by Djumin et al. [44] at 14.2 MeV, we retain the
agreement to be acceptable in view of the experimental uncertainty. The total
cross sections for the radioactive isotope 4"Nd, for which no experimental data

are available, were computed using the optical model parameters deduced for
145Nd.
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Fig. 10. Evaluated neutron elastic scattering angular distributions for
142,144,146,148Nq at E,, = 7.0 MeV compared with the isotopic measurements of
Haouat et al. [45].

5.3.2 Neutron elastic cross sections

The angle-integrated elastic cross sections were reconstructed by subtracting
non-elastic cross sections from the total cross sections. Fig. 9 illustrates our
results by showing elastic cross sections on #271%°Nd and comparing them
to the ENDF/B-VL.8, JEFF-3.1 and JENDL-3.3 evaluations and to the mea-
sured values [65,45]. For %1%4Nd we reproduce, within the uncertainties, the
experimental data at 7.0 MeV obtained by Haouat et al. [45], but we some-
what underestimate cross sections measured at 2.5 MeV by Coope [65]. These
results look reasonable and give some confidence in the 43145Nd evaluations
where no experimental data are available.

The measured angular distributions at 7.0 MeV  [45] are well reproduced,
see Fig. 10. This is not surprising as these data were used to constrain op-
tical model parameters. Slight deviations observed at backward angles raise
no serious concerns since the cross sections are very low. Although there is
no experimental evidence in favor of the fourth bump seen in the calculated
angular distributions the absolute values agree within the uncertainties.
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the measurements [65,45,66].

5.3.3 Neutron inelastic cross sections

Fig. 11 illustrates present evaluations of inelastic cross sections and compares
143,145Nd(n,n’) to other libraries and to the measurement by Owens et al. [53].
We note, that the latter data are for "*Nd since no measurements of total
inelastic scattering are available for any of the neodymium isotopes. The com-
parison supports our calculations in the region of a plateau starting about
2 MeV above the threshold. The cross sections within the plateau are about
2500 mb for all the isotopes, which is consistent with the data of Owens et al.

Due to the use of the coupled-channels (CC) and multi-step direct (MSD)
mechanisms in the modeling, our inelastic cross sections around 20 MeV ap-
proach 300 - 400 mb. Earlier evaluations neglected these processes and their
predictions are considerably lower. In some other cases, such as 4%144147Nd
in ENDF/B-VI.8, nonphysical behavior cross sections at the highest energies
is due to the apparent neglect of the (n,2n) competition.
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There are several measurements of inelastic scattering to the first excited levels
in 142,144146.148N 4 Fig. 12 illustrates our results and compares “4Nd(n,n,’)
cross sections with the measurement by Haouat et al. [45]. The figure indicates
that the present evaluation, along with JENDL-3.3, provides better description
of the experimental data than the other two evaluations.

5.83.4 Neutron capture cross sections

There is a relatively large amount of experimental data for neutron capture
on all neodymium isotopes, except for 147Nd, see Fig. 13. As can be seen, in
several instances these data are discrepant and our procedure was as follows.

In the unresolved resonance region, our evaluations are based on the precise
measurements by Wisshak et al. [16] that are generally considered to be the
most reliable. In the fast neutron region, our evaluations are guided the EM-
PIRE code predictions. The Generalized Fermi Liquid (GFL) ~-ray strength
function, as proposed by Mughabghab and Dunford [71], with the Giant Dipole
parameters taken from RIPL-2 were used for these predictions. The parame-
ters of the Gilbert-Cameron level densities were calculated from the internal
systematics in the EMPIRE code. Such model calculations were normalized to
the Wisshak’s data in the unresolved resonance region. The experimental data
on M6148150Nd extend above 1 MeV and are discrepant, but our procedure is
supported by the data measured by Trofimov et al. [19] that show consistency
with the model calculations.

5.3.5 (n,2n) cross sections

Fig. 14 illustrates our results first by showing 42144Nd(n,2n) cross sections
where experimental data are available. Comparison is made to the ENDF /B-
VI.8, JEFF-3.1 and JENDL-3.3 evaluations and to the measurements. The
JEFF-3.1 evaluations show unphysical high energy behavior due to the ne-
glect of the (n,3n) reaction. Our evaluations on 42Nd are guided by the
direct neutron counting measurement of Frehaut et al. [54]. Theses results are
consistent with the recent experiments by Kasugai et al. [21] on **Nd. We
decided to disregard the old activation measurement on *?Nd [72], because it
is persistently higher than other measurements.

Fig. 14 further illustrates our results on odd neodymium isotopes, “3145Nd,
that rely on the model calculations since no experimental data are available.
The parameters used in these calculations were constrained by the (n,2n) mea-
surements on other isotopes as well as by analysis of other reactions on various
isotopes of neodymium. Such consistent parametrization justifies appreciable
level of confidence in the model predictions.
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5.3.6 (n,p) and (n,a) cross sections

Fig. 15 illustrates our (n,p) evaluations by showing cross sections on 3145Nd(n,p).
Our results are compared to the ENDF/B-VI.8, JEFF-3.1 and JENDL-3.3
evaluations and to the measurements [73,22]. The evaluations for which there
are no experimental data, such as "1°Nd, are based on the model calcula-
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Fig. 16. Evaluated (n,a) cross sections for 4345Nd isotopes compared to other
evaluations and to the measurements reported [27,74,75].

tions with the consistent set of parameters. In general, (n,p) evaluations are
adjusted to reproduce the data measured around 15 MeV, therefore, in this
energy range the evaluations tend to approach each other. At other energies,
especially around 20 MeV, the evaluations differ considerably as a result of
the differences in modeling adopted by the evaluators. This is also true for
(n,ar) cross sections.

Fig. 16 illustrates our (n,a) evaluations on the case of *°Nd isotopes. The
Q-values for (n,«) reactions are positive for all Nd isotopes and are particu-
larly high for 43145Nd, 9.722 and 8.747 MeV, respectively. The measurements
by Koehler et al. [27] in the unresolved resonance range on **Nd and those
by Okamoto et al. [74] and Cheifetz et al. [75] of **Nd(n,«) at the thermal
energy, indicate that (n,a) cross sections below 1 MeV are small but not neg-
ligible. When accounting for this region, we attempted to include an expected
resonance structure by assuming that the (n,«) excitation function is modu-
lated in the same manner as the total cross sections. Accordingly, we adopted
shape of the total cross section and scaled it by an appropriate factor to re-
produce experimental cross sections. Then, the resonance region was collapsed
into 20 energy-groups and stored in the ENDF-6 format (MF=3 file). In the
case of 3Nd a factor of 3.91x10~° has been applied to obtain 16.49 mb at the
thermal energy and reproduce experimental data of Ref. [27] in the unresolved
resonance region. For “°Nd, we scaled the total cross sections by a factor of
1.4x107% in order to reproduce the thermal value of 0.0001 mb reported in
Refs. [74,75].

5.3.7T ~-ray and neutron spectra

Fig. 17 shows ~-ray emission spectra at 0.0253 eV (thermal), 0.5 MeV and 14.2
MeV incident neutrons for the 3°Nd isotopes identified as high priority fis-
sion products. The thermal spectrum was obtained by unit-base extrapolation
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Fig. 18. Evaluated neutron emission spectra for 14314°Nd at neutron incident ener-

gies of 10, 14 and 18 MeV. The lines were scaled up by the factors indicated in the
figure.

of EMPIRE calculations at the lowest energy down to the thermal energy. The
spectra at 0.0253 eV and 0.5 MeV were calculated within the Hauser-Feshbach
statistical model with the GFL ~-ray strength function and Gilbert-Cameron
level densities. At higher energies, the preequilibrium mechanism was included
in the calculations. Its contribution is evident in the 14.2 MeV spectrum where
it forms a plateau for v-ray energies above 10 MeV. The pure compound nu-
cleus predictions in this energy range would be orders of magnitude lower.

A few examples of neutron emission spectra are shown in Fig. 18. We se-
lected high priority fission products, 4*4°Nd, and incident neutrons of 10,
14 and 18 MeV to illustrate role of the preequilibrium mechanism. A smooth
bump at the low emission energies is formed by the multiple (if energetically
possible) emissions from the fully equilibrated compound nucleus. The rela-
tively flat part above 5 MeV is dominated by the preequilibrium mechanism.
Marked fluctuations within this region result from the population of collective
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levels in the continuum through the MSD and DWBA mechanisms. Coupled-
channels complete the spectrum with transitions to discrete levels including
elastic peak.

5.3.8 Energy-angle correlated cross sections

The present evaluations also include a full set of double-differential cross sec-
tions coded in the ENDF-6 format as File 6. As an example, Fig. 19 shows
angular distributions for neutron elastic and inelastic scattering on *3Nd for
different incident neutron energies. Both distributions are isotropic, rather
than symmetric, at low incident energies. This approximation results from the
lack of angular distribution capabilities in the current implementation of the
statistical model in the EMPIRE code. At incident energies above 2 MeV, the
distributions become forward peaked and reveal diffraction pattern typical for
the optical model.

6 Conclusions

New neutron cross section evaluations for a complete chain of neodymium
isotopes were performed in the neutron-incident energy range from 1075 eV
to 20 MeV. This work includes the revision of thermal and resonance data
recently published in the Atlas of Neutron Resonances, and the fast neutron
region based on the nuclear reaction model code EMPIRE-2.19.

The low energy region was carefully assessed in order to ensure adequate
reproduction of the integral data such as the thermal capture cross sections
and the resonance integrals as well as to reproduce microscopic data in the
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unresolved resonance region.

In the fast neutron range, we cover cross sections for almost all reaction chan-
nels such as total, elastic scattering, inelastic scattering, capture, and parti-
cle emission cross sections, and include photon production, energy spectra of
emitted particles and their angular distributions. Since the complete chain of
neodymium isotopes was evaluated simultaneously, we were in a position to
establish a consistent set of model parameters constrained by the entirety of
experimental data available for neodymiums. This approach greatly improves
confidence in the model predictions for the isotopes for which measurements
are insufficient or nonexistent.

The evaluated data were converted into ENDF-6 formatted files, checked by
a set of checking codes, processed with the Monte Carlo code NJOY-99.161,
and subject to test runs with the code MCNP5 to ensure that the files can be

used in transport calculations. All evaluations were adopted by the new U.S.
evaluated library, ENDF /B-VIL.0, released in December 2006.
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