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FOREWORD

A Working Party on International Evaluation Co-operation was established
under the sponsorship of the OECD/NEA Nuclear Science Committee (NSC)
to promote the exchange of information on nuclear data evaluations, validation
and related topics. Its aim is also to provide a framework for co-operative
activities between members of the major nuclear data evaluation projects.
This includes the possible exchange of scientists in order to encourage
co-operation. Requirements for experimental data resulting from this activity are
compiled. The working party determines common criteria for evaluated nuclear
data files with a view to assessing and improving the quality and completeness
of evaluated data.

The parties to the project are: ENDF (United States), JEF/EFF (NEA Data
Bank Member countries) and JENDL (Japan). Co-operation with evaluation
projects of non-OECD countries, specifically the Russian BROND and Chinese
CENDL projects, are organised through the Nuclear Data Section of the
International Atomic Energy Agency (IAEA).

The following report was issued by a subgroup which has investigated
methods for evaluating inelastic scattering cross-sections of weakly absorbing
fission-product nuclides. Only a few measurements exist and the evaluations are
in general based on nuclear theory calculations. Different methods are compared
and the importance of the direct component of inelastic scattering is examined.
The integral measurements of the reactivity worths of weakly absorbing fission
products are sensitive to the inelastic scattering and they are used to assess the
quality of the evaluated data.

The opinions expressed in this report are those of the authors only and do
not necessarily represent the position of any Member country or international
organisation. This report is published on the responsibility of the Secretary-General
of the OECD.
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SUMMARY

Methods used to evaluate inelastic scattering cross-sections of fission-product
nuclides are investigated. The origins of the discrepancy found between
calculated and measured sample reactivity worths are also discussed, emphasising
the effects of approximations in the inelastic scattering cross-sections and in the
reactor neutron direct and adjoint spectra used in the calculations.

Neutron inelastic scattering cross-sections for molybdenum isotopes are
calculated using the distorted wave Born approximation (DWBA) and the
coupled-channels methods (CC). An anomalous enhancement of the DWBA
cross-sections near the threshold energy is examined. Numerical simulations
with some simplified optical potentials indicate that the enhancement can be
related to the p-wave strength. Differences between the cross-sections calculated
using the DWBA method and those calculated using coupled-channels theory
are small, and experimental data for 92Mo, 98Mo and 100Mo are well reproduced
by the DWBA and the Hauser-Feshbach-Moldauer statistical model using
reliable optical potentials.

An intercomparison of integral tests of the fission-product data in the
nuclear data libraries JENDL-3.2 and JEF-2.2 has been made, concentrating
efforts on the analyses of the sample reactivity worth measurements made in the
STEK experiments. It was found that calculations are generally in good
agreement with the measured values for strongly absorbing FP nuclides, while
there were some large discrepancies when the sample reactivity worth was
small, in the case of weakly absorbing FP nuclides. Detailed analyses, with cell
calculations which give a precise treatment of cross-sections and rigorous
reactor transport theory calculations, have shown that approximations in the
methods used to calculate the adjoint spectrum is the major reason for
discrepancies. However, it should be noted that some significant discrepancies
between the calculated and measured reactivity worths remain, even for several
important FP nuclides. Further integral experiments are desirable to resolve such
problems.
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EVALUATION METHOD OF INELASTIC
SCATTERING CROSS-SECTIONS FOR WEAKLY

ABSORBING FISSION-PRODUCT NUCLIDES

1. Introduction

Integral tests [1,2] of evaluated fission-product (FP) nuclear data libraries,
such as JENDL-3.1 and JEF-1, show that the calculated sample reactivity worths
are in good agreement with those measured at STEK [3] for strong absorbers
(within about ±20%). However, there is an anomalous behaviour in the results
for weak absorbers; calculation underestimates positive components of the
worth, these components being due to scattering. It was considered that such a
behaviour probably came from inaccurate inelastic scattering cross-section data
for most FP nuclides in these libraries [4]. In the usual evaluated data libraries,
except for JENDL-3.2, the direct process contributions to inelastic scattering
cross-sections were probably disregarded [5]. Subgroup 10 of the NEA NSC
Working Party on International Evaluation Co-operation was organised in 1991
in order to review the inelastic scattering cross-sections for the weakly absorbing
FP nuclides, to recommend methods and model parameters for the evaluation of
inelastic scattering cross-sections of FP nuclides and to explain the discrepancy
between the differential and integral data.

The direct process contribution to inelastic scattering can be calculated using
the distorted wave Born approximation (DWBA) or with the coupled-channel
(CC) theory. The DWBA method has been extensively used for the evaluation of
nuclear data for JENDL-3.1 [6,7] because it has a rather simple formulation, and
it is regarded as a good approximation to the CC theory when the deformation is
small. However, an anomalous enhancement of DWBA cross-sections near the
inelastic scattering threshold has been reported [8,9] for nuclides with mass
around A = 100 when global optical potential parameters were used.

The problem was discussed by Subgroup 10 [10,11] but the reason for the
enhancement was not obvious, and it was suggested [8] that the DWBA method
might be inappropriate for the evaluation of FP nuclear data. Therefore it
became important to validate the DWBA calculation method for evaluating the
inelastic scattering cross-sections of FP nuclides and to find out how to use it to
obtain reliable results.
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Isotopes of molybdenum show typical collective excitation, and the
properties of the low-lying states have been studied by means of Coulomb
excitation and electron, proton scattering [12,13]. Such studies have indicated
that the experimental data can be represented by a coupling of the ground state
with the collective one-phonon state. Recent measurements of neutron inelastic
scattering [14] by molybdenum isotopes may be interpreted with the same
coupling scheme, and a comparison of the DWBA calculation with the CC
theory may provide the reason for the enhancement or, alternatively, the
limitations of the DWBA.

For the analysis of neutron inelastic scattering data, we need the appropriate
neutron optical potential and the deformation parameters, as a reference. Smith,
et al. [15] have made an optical model analysis of the neutron induced reaction
data for nuclides with Z = 39~51. They obtained the regional optical potential
parameters from the differential elastic scattering and the total cross-sections in
the energy range 1.5 to 4 MeV. This regional optical potential, together with the
deformation parameters obtained by CC analyses of the proton data, provide a
good basis for a comparison between DWBA and CC calculations.

The next problem is to clarify whether the direct inelastic scattering
cross-sections are the main component producing the discrepancy between
measurement and calculation for the FP sample reactivity worths measured in
the STEK reactor. An intercomparison of the integral analyses has been made,
concentrating on the analysis of the STEK experiments using JENDL-3.2.
The contribution of the direct inelastic scattering to the sample reactivity worth
has also been calculated for several nuclides. Finally, approximations in the
earlier calculations of the neutron and adjoint fluxes were investigated by means
of more detailed calculations made using a Monte Carlo code.

In this report, methods for calculating inelastic scattering cross-sections are
discussed in Section 2 and the integral tests in Section 3.

2. Inelastic scattering cross-sections

2.1 Intercomparison of evaluated inelastic scattering cross-sections

The applicability of the DWBA method, which was used in the evaluations
for the even-mass FP nuclides in JENDL-3, has been investigated by comparing
the JENDL-3 data with experimental data and with CC calculations for isotopes
of Zr, Mo, Ru, Pd, Cd, Nd and Sm. Figure 2.1.1 shows that the DWBA
calculations of the excitation functions for vibrational levels of 92Zr are in good
agreement with the experimental data.
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The inelastic scattering cross-sections of Pd isotopes have recently been
measured at IRMM [16]. The results were well predicted using the CC theory.
Recently, we compared the experimental data obtained for natural palladium at
both IRMM [16,17] and ANL [18,19], with JENDL-3.2. For Pd isotopes, the
JENDL-3.2 evaluation was based on the statistical model and the DWBA, using
the following optical model parameters:

V = 50.01 – 0.5528E R = 5.972 a = 0.56
Ws = 8.165 Rs = 6.594 as = 0.44
Vso = 5.261 Rso = 5.97 aso= 0.267

The inelastic scattering cross-sections of the natural palladium isotopes
given in JENDL-3.2 (in the region of Ex = 260 to 560 keV, corresponding to the
first excited states of even-even isotopes of Pd) have been summed to give the
inelastic scattering cross-section of natural Pd in the same excitation region.
This excitation region was determined according to the energy resolution of the
experiment at ANL (by Chiba, et al. [18]). The following MTs and abundance
ratios were adopted:

MT Abundance ratio
102Pd 51 1.02
104Pd 51 11.14
105Pd 51-57 22.33
106Pd 51 27.33
108Pd 51 26.46
110Pd 51 11.72

The abundance ratios were normalised to sum to unity. The same averaging
procedure was applied to the inelastic scattering cross-sections of the first
2+ states in 104,106,108,110Pd measured by Meister [16]. The abundance ratio was also
normalised to sum to unity. A comparison of the averaged data from JENDL-3.2
for natural Pd with the measurements of Meister and those by Smith, et al. and
Chiba, et al. is given in Figure 2.1.2. The agreement of the JENDL-3.2 data with
the data measured by Meister up to 2.5 MeV and by Chiba, et al. [18] above
6 MeV is excellent, therefore confirming the method adopted in the evaluation
of the JENDL-3.2 data. The reason for the disagreement with the old data of
Smith, et al. [19] is not clear. In any case, the figure shows that JENDL-3.2
provides a reasonable excitation function curve in the energy region where the
direct reaction dominates.

Accordingly, we have reached the conclusion that the DWBA method is
widely applicable to the calculation of the direct components of inelastic
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scattering cross-sections, by normalising to the measured data or to that calculated
using the CC theory. However, the DWBA calculation occasionally provides too
high an inelastic scattering cross-section in the mass range around A = 100.
At ECN, a CC analysis with a two-phonon vibrational model was made [16] for
110Pd. The analysis reproduced well the cross-sections measured at IRMM for
the one-phonon level at 373.8 keV. It was guessed that the anomalous behaviour
of the DWBA calculation for nuclides around A = 100 was a special case due to
some singularity in the optical potential peculiar to the parameter set used.

For the heavier nuclides in the deformed region, it was confirmed that the
cross-sections for the vibrational levels calculated using the CC theory with a
slightly modified imaginary potential strength, Ws, were in general agreement
with the DWBA calculations in the energy range up to 20 MeV. The CC theory
estimates well the cross-sections for both vibrational and rotational levels of
deformed isotopes of Nd and Sm. Figure 2.1.3 shows the level schemes of 144Nd
and 150Nd. The CC theory calculations of level excitation functions of 144Nd,
made using the code ESIS with Ws = 7 MeV, are in general agreement with the
experimental data and with the DWBA calculation with Ws = 9.1 MeV, as is
shown in Figure 2.1.4. As for 150Nd, the CC theory calculations were made by
considering the coupling of 0+-2+-4+-6+-8+-10+ (ground state rotational band) and
1–-3–-5– (octopole vibrational band) with β2 = 0.2848 [20] and β3 = 0.070 [21].
For the 2+ level at 1.77 MeV, the result of the CC calculation with Ws = 4.5 MeV
agrees well with the DWBA calculation with Ws = 9.13 MeV, as is shown in
Figure 2.1.5.

2.2 Enhancement of the DWBA cross-sections

2.2.1 Global optical potentials

Global optical potentials such as the Walter-Guss potential parameters [22]
are widely used for nuclear data evaluation. The Walter-Guss optical potential
was obtained from the experimental data above 20 MeV. Yamamuro [23]
extrapolated the Walter-Guss potential below 20 MeV by changing the imaginary
potential depth to determine the experimental non-elastic cross-sections in this
energy range. The modified Walter-Guss potential has an imaginary surface term:

( )
( )

W E
W E E

s

s

= − <
= − − >

7 21 14 94 20
10 85 14 94 01571 20

. .
. . .

ε
ε
MeV MeV

MeV MeV
(1)

where ε = (N – Z)/A and E is the incident neutron energy. The modified potential
was used in the evaluation of the inelastic scattering cross-sections of
molybdenum isotopes for JENDL-3.2.
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The DWBA cross-sections for 100Mo were calculated using CmC [24].
The cross-sections calculated with CmC are almost the same as those calculated
with DWUCK4 [25]. The CC calculations are carried out with ECIS88 [19],
which solves the coupled equations by a sequential iteration method, and its first
iteration corresponds to the DWBA calculation.

The direct inelastic scattering cross-sections are calculated for the low-lying
2+ (535.6 keV) and 3– (1 908 keV) levels. We assume these levels are one-phonon
states, and the deformation parameters β2 and β3 are taken from proton scattering
experiments [13], their values being β2 = 0.214 and β3 = 0.208. The optical
potentials for the DWBA calculation are the Walter-Guss [22] and the modified
Walter-Guss [23].

The collective inelastic scattering cross-sections for the 2+ and the 3– states
are shown in Figures 2.2.1 and 2.2.2, respectively. The cross-sections calculated
using the CC method are shown in the same figures by the dot-dashed lines.
The optical potential used in the CC calculation is the same as that used in the
DWBA calculation. One can clearly see the anomalous enhancement of the
cross-sections near the threshold energy when the modified Walter-Guss
potential is used. This enhancement does not emerge from a problem with the
code, because the DWBA calculation made using ECIS88 [26] provides almost
the same cross-sections as CmC. The enhancement also appears in the CC result,
but it is more moderate than the DWBA enhancement. In the case of the
Walter-Guss potential, no enhancement with either the DWBA calculations or
the CC calculations is detected. It is known that the unitarity, baS  < 1, is not

necessary for the DWBA calculation, but the CC calculation ensures it [27].
This requirement for unitarity suppresses the anomalous enhancement in the
inelastic channel. However, the cross-section excitation function is rather steep
just above the threshold energy, therefore adoption of the CC calculation method
is not the best way to avoid unusually large direct cross-sections.

The enhancement of the inelastic scattering cross-sections only appears
when the modified Walter-Guss potential is used, and one can conclude that the
reason is the optical potential used. In order to analyse the effect of the
difference between the original Walter-Guss potential and the modified one, we
compare the distorted waves at low energies. The squared radial wave functions
at a neutron energy of 0.1 MeV are shown in Figure 2.2.3, where the nuclear
radius is 5.57 fm. Strong absorption of the p-wave is shown for the modified
Walter-Guss potential. The spin-averaged transmission coefficients, T1 at
0.1 MeV, for these potentials, are 0.158 for the original potential and 0.229 for
the modified one.
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A size resonance for a 3p-wave is observed for A = 100 [28]. The s-wave
and p-wave strength functions for the two Walter-Guss optical potentials are
tabulated in Table 2.2.1. The strength function calculated with the spherical
optical potential of Smith, et al. [15] is also tabulated in this table, because they
paid attention to the strength functions as well as to the cross-sections in their
analyses. The original Walter-Guss potential gives strength functions consistent
with the values in Mughabghab’s compilation [28]. However, the modified
Walter-Guss potential provides a larger p-wave strength function. The strength
functions obtained with the optical potential of Smith, et al. are in good accord
with Mughabghab’s values, and the calculated DWBA cross-section does not
show the anomalous enhancement. For example, the DWBA cross-section for
the 2+ state at En = 3 MeV is 117 mb, and this value is near to the DWBA or CC
results calculated using the original Walter-Guss potential, as can be seen in
Figure 2.2.1.

An increase in the p-wave amplitude enhances the DWBA calculated value.
A DWBA transition amplitude contains an angular momentum coupling
coefficient and a radial overlap integral between the initial and the final state [27]:

( ) ( ) ( )I
k k

u r F r u r drba
L

a b
b L a= ∫4π (2)

where ua(r) and ub(r) are the radial parts of distorted waves, L is the orbital
angular momentum transfer, and FL(r) is the form factor. The DWBA
cross-section is calculated from the squared transition amplitudes, and it is
possible to see the contribution to the DWBA calculation from various partial
waves if one compares the overlap integrals. Figure 2.2.4 shows the squared
overlap integrals as a function of the radius:

( ) ( ) ( ) ( )I r u r F r u r drb L a
2

0

2

= ′ ′ ′ ′∫
γ (3)

The distorted waves in Figure 2.2.4 are both for p-wave (ja = jb = 3/2), and
the L transfer is 2. We assume the excitation energy of the 2+ state is zero in order
to equate the distorted waves for the entrance and the exit channels. The overlap
integral with the modified Walter-Guss potential is very large in comparison
with the value for the original potential. This enhancement also appears in the
overlap integral between the p-wave and f-wave, and the strong contribution
from the p-wave results in the anomalous enhancement of the DWBA
cross-section. This enhancement becomes smaller as the incident neutron energy
increases, because many partial waves contribute to the total inelastic scattering
cross-sections, and the relative importance of the p-wave contribution reduces.
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2.2.2 Simplified optical potentials

The difference between the original Walter-Guss potential and the modified
one is the depth of the imaginary potential, Ws. The modified Walter-Guss
potential has an imaginary depth of Ws = 5.32 MeV at En = 0, and the original
potential has an imaginary depth of 8.46 MeV. Figure 2.2.5 shows the
dependence of the imaginary parts of the S matrix elements for p-waves on Ws.
The incident neutron energy is 1 keV. As Ws decreases the imaginary parts of the
S matrix elements increase and they become positive at ~3 MeV for j = 3/2 and
~6 MeV for j = 1/2. The calculated DWBA cross-section for the 2+ level at
En = 1 MeV is depicted in the same figure by the dot-dashed line. One can see
the relationship between the DWBA cross-section and the imaginary part of the
S matrix element. When a spherical optical model calculation gives Im(S1) > 0 as
En → 0, the calculated DWBA cross-section becomes very large. For example,

both Im( 2/3
1S ) and Im( 2/1

1S ) are positive below Ws = 3 MeV, and the DWBA
cross-sections are unacceptably large there.

In order to investigate the dependence of the DWBA cross-section on the
p-wave S matrix element, we have employed a simplified optical potential:

V = 50 MeV
Ws = 3 or 5 MeV

rv = 1.2 fm
rw = 1.3 fm

av = 0.6 fm
aw = 0.6 fm

(4)

without a spin-orbit term. This optical potential gives Im(S1) > 0 for Ws = 3 MeV,
and Im(S1) < 0 for Ws = 5 MeV. The inelastic scattering cross-sections for a
2+ level whose excitation energy is set to zero are calculated with the DWBA,
and the level excitation function is shown in Figure 2.2.6 compared with the
partial cross-sections obtained using the spherical optical model (SOM):

( ) ( ){ }σ π
T
l

l
k

l S= + −2
2 1 1

2
Re

(5)

Two resonance-like peaks appear in the DWBA cross-section when
Ws = 3 MeV, while in the case of Ws = 5 MeV the enhancement of the DWBA
cross-section is small. As can be seen in Figure 2.2.6, the first peak near
En = 500 keV corresponds to the p-wave contribution, and the second one near
2 MeV is the f-wave contribution.

This anomalous enhancement may occur in the mass region where the
s-wave strength function has a maxima. The 3s size resonance appears around
A ∼ 50. The imaginary part of the s-wave S matrix element becomes positive
when the following optical potential is used:
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V = 52 MeV
Ws = 1 MeV

rv = 1.2 fm
rw = 1.3 fm

av = 0.6 fm
aw = 0.6 fm

(4)

The calculated DWBA cross-sections for 50Cr are shown in Figure 2.2.7.
Anomalous enhancements of the DWBA cross-section occur near En = 2.5 MeV
and 4.5 MeV, and they correspond to the d-wave and g-wave contributions,
respectively. The imaginary part of the optical potential in Eq. (6) is unphysically
shallow. If the imaginary depth increases to 3 MeV, the anomalous enhancement
disappears, as indicated by the thin solid line in Figure 2.2.7. The anomalous
enhancements of the DWBA cross-sections in Figures 2.2.6 and 2.2.7 are
extreme cases, but they imply that the anomaly happens when the imaginary
potential is very shallow. Some global optical potentials have a symmetry term
(N – Z)/A × Wsym, and the Walter-Guss optical potential contains the term
-14.94(N – Z)/A MeV in the surface imaginary part. The imaginary part then
becomes small for a nucleus which has an excess of neutrons. Table 2.2.2 shows
the DWBA cross-sections calculated with the original Walter-Guss optical
potential [22] and with the modified Walter-Guss [23] at En = 1 MeV for some
stable isotopes: 40,48Ca, 78,86Kr, 102,110Pd and 156,164Dy. The calculated cross-sections
are for the collective excited states, Jπ of 2+, β2 = 0.1, and the excitation energies
are assumed to be zero. The enhancement is observed when the modified
Walter-Guss potential is used, and the effect is larger for the heavy nuclides.

2.3 Comparisons with experimental data

Measurements of the (n,n′γ) reaction cross-sections of Mo isotopes have
been made at IRMM [14]. To analyse the experimental data we employ the
DWBA method and the CC method for the collective direct process, and the
Hauser-Feshbach-Moldauer model for the compound process. As shown in
Section 2.2, the modified Walter-Guss potential is inadequate to calculate the
direct cross-sections at low energies, while the optical potential of Smith,
et al. [15] is appropriate because this potential gives a p-wave strength function
which is in good agreement with the experimental data. Also, the potential is
defined in the energy range En < 5 MeV which covers the energies where the
experimental data exist.

The experimental inelastic scattering data were obtained by means of γ-ray
detection [14]. The experimental data for the 535.6 keV level of 100Mo are not
resolved, and they contain the cross-sections to the first excited state (535.6 keV)
and 88% of the second excited state (695.1 keV). The 535.6 keV excited level is
a one-phonon 2+ state, and the 695.12 keV level is a member of the two-phonon
triplet, 0+ (695.1 keV), 2+ (1064 keV) and 4+ (1 136 keV). Since the cross-sections
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for the two-phonon triplet are expected to be small, the direct inelastic scattering
cross-sections are calculated only for the one-phonon states (2+ and 3–).
The deformation parameters are β2 = 0.214 and β3 = 0.208.

The compound cross-sections are calculated using Hauser-Feshbach theory
with Moldauer’s width fluctuation correction [29]. The discrete levels up to an
excitation energy of 2.3 MeV are included in the calculation, and their Jπ values
are taken from ENSDF [30]. The excited levels are assumed to be overlapping
above 2.3 MeV, and Gilbert and Cameron’s formulas [31] are used to calculate
the level density in the continuum region. The adopted level density parameters
are a = 17.9 MeV–1 and ∆ = 2.22 MeV. At low excitation energies, the constant
temperature model is used, and its parameters are determined by a, ∆ and the
discrete levels.

A comparison of the calculated cross-sections with the experimental data is
shown in Figure 2.2.8. The thick solid line is an incoherent sum of the DWBA
calculation and the Hauser-Feshbach-Moldauer calculation for the 535.6 keV
level including the 88% of the 695.1 keV level. The thin solid line is the
compound cross-section for the 1 064 keV level. The calculated cross-section for
the 1 064 keV level is in good agreement with the data, while the cross-section
calculated for the 535.6 keV level is larger than the measured cross-section.
There are some possible reasons. These are the incoherent sum of the direct and
compound cross-sections, the deformation parameters, the difference between
DWBA and CC and the width fluctuation correction. When we added the
compound cross-sections incoherently to the direct cross-sections, then a
summation of all non-elastic cross-sections exceeded the total reaction
cross-section, σR, which was calculated using the optical model. However this
effect does not explain the overestimation, because the difference between the
calculated cross-section and the experimental data is larger than the DWBA
cross-section itself.

The deformation parameters were obtained from a (p,p′) experiment [13].
It is possible to correct the β for neutron induced reactions if one applies the
relation βpRp = βnRn. This gives β2 = 0.205 and β3 = 0.199 when the Rn value of
Smith’s optical potential is used. This correction reduces the direct cross-section
slightly, but it is only 0.7% at 1.5 MeV.

In order to calculate the width fluctuation correction factor, it is necessary to
know the distribution of level widths in the compound nucleus. A χ2-distribution
with ν degrees of freedom is assumed. Moldauer [29] obtained a practical
expression for ν by a Monte Carlo method, and this has been adopted in the
present study. The other assumption is ν = 1, which means the distribution is a
Porter-Thomas distribution. The calculated cross-sections for the case with ν = 1
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are shown in Figure 2.2.8 by the dot-dashed lines. The compound cross-sections
decrease and the level excitation function becomes very similar to the
experimental data.

CC calculations were made for the 0+-2+-3– coupling scheme using ECIS88,
and the results are compared with the experimental data in Figure 2.2.9. The thick
dotted line is the direct component, and the thick solid line is the incoherent sum
of the direct and the compound cross-sections. The calculated cross-sections are
very similar to those obtained with the DWBA method in Figure 2.2.8, and it can
be concluded that the DWBA method is a useful tool for an evaluation of the
direct process as long as the optical potential is adequate. The experimental data
were obtained by means of γ-ray detection [14], and the inelastic scattering to
the 535.6 keV level was not resolved. The calculated cross-section for this level
can be compared with some neutron measurements [32-35] and the comparison
is shown in Figure 2.2.10. The experimental data are scattered; however the
calculation reproduces the tendency of the data. The evaluated cross-section in
JENDL-3.2, which included DWBA calculations with the modified Walter-Guss
potential, is shown in the same figure by the dashed line.

Comparisons of the 98Mo inelastic scattering data with the DWBA and the
compound process calculations are shown in Figure 2.2.11. The discrete levels
up to 2.57 MeV were included, and the level density parameters used were
a = 15.8 MeV−1 and ∆ = 2.57 MeV. We regarded the 787.4 keV level (Jπ = 2+) as
a collective one-phonon state. The deformation parameter employed is β2 = 0.162.
The excitation function for the 734.8 keV level (Jπ = 0+) is depicted by the
dotted line. This cannot be measured by γ-ray detection because a γ-ray
transition between the states with the same spin and parity is prohibited by the
selection rule. The cross-sections for the second (787.4 keV) and the third
(1 432 keV) levels are well reproduced by the incoherent sum of the DWBA and
the compound cross-sections.

Figure 2.2.12 illustrates the calculated cross-sections for the 92Mo inelastic
scattering. The discrete levels included in the compound process calculation
are below 3.69 MeV, and the level density parameters a = 10.6 MeV−1 and
∆ = 2.21 MeV were used in the continuum. The DWBA calculations for the
collective state of 1 509 keV (Jπ = 2+) were made with β2 = 0.101. The calculated
cross-sections exceed the experimental data above 2 MeV. The overestimation is
essentially a problem of the compound calculation because the DWBA
cross-sections are very small in this energy range. The compound cross-section
for the 1 509 keV level at En = 2 MeV is 886 mb, and if ν = 1 is assumed for the
width fluctuation correction the cross-section becomes 752 mb, which agrees
with the experimental data.



21

3. Integral tests

3.1 Intercomparison of integral tests

Several programmes of integral measurements in fast reactor spectra have
been carried out for individual nuclides in the FP range. At JNDC, the STEK
reactivity worth experiments [3,36] and the capture rate measurements made in
CFRMF [37] and EBR-II [38] were analysed by Watanabe, et al. [2] using
70 group cross-sections generated from JENDL-3.1 and -3.2, and the neutron
and adjoint fluxes which were provided by the experimenters. The methods of
calculation used for the integral test and the results obtained using JENDL-3.1
were described in detail in Ref. [2]. The fluxes were converted into the 70-group
structure in such a way as to preserve the energy integrals. The results which
were obtained are given in the Appendix. Average C/E values for the five STEK
cores and for the capture rate measurements are given in Table 3.1.1 and
Figure 3.1.1. At ECN, Gruppelaar, et al. [39] compared JEF-1 calculations with
the STEK experiments. Since for the major reactions the cross-section data of
JEF-1 and JEF-2.2 in the energy region above resolved resonance region are the
same for most nuclides, the results obtained using JEF-1 for hard spectra are
expected to be similar to those obtained using JEF-2.2. The C/E values obtained
using JEF-1 were compared by Kawai, et al. [11] with those obtained using
JENDL-3.1 (in Table 1 of Ref. [11]). It was noted that the worths calculated with
JEF-1 were largely discrepant, compared with the measured values, and also the
discrepancies for the JENDL-3.1 values for the weak absorbers were quite large.

In Cadarache, analyses of the Rossendorf experiments [40] (measuring
sample worths in SEG lattice configurations) and the STEK experiments, were
performed to test JEF-2.2 by Dietze, et al. [41] and Meister [42], respectively.
The reactor calculations were performed with the SN transport code BISTRO in
two-dimensional RZ geometry. The cell code ECCO was used to provide the
broad group constants for the different reactor regions, with the calculations
being made for the heterogeneous compositions. Recently, Dietze [43] has
analysed the STEK and Rossendorf experiments with JENDL-3.2, using the
reactor core design code system at the Japan Nuclear Fuel Cycle Organisation
(JNC). He calculated the neutron and adjoint fluxes taking into account the cell
heterogeneity of the core around the samples. Table 3.1.2 gives a summary of
the C/E values obtained in the analysis made using JENDL-3.2 for the five
STEK experiments. The C/E values were estimated for the reactivity worths of
infinitely dilute samples by extrapolating the measured and calculated values to
zero sample size. Table 3.1.1 compares the C/E values obtained for two of the
STEK cores (STEK-500 and STEK-3000) by Dietze using the JNDC methods
and JENDL-3.2, with Meister’s analysis using JEF-2.2 and Dietze’s analysis of
the Rossendorf experiments (SEG-5 and SEG-7A) made using JEF-2.2.
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STEK-500 is the core with the hardest spectrum, and STEK-3000 has a soft
spectrum. As for the Rossendorf experiments, the SEG-5 core configuration was
characterised by a nearly energy-independent adjoint spectrum and consequently
the slowing-down component of the reactivity worth was small. SEG7A had an
extremely hard spectrum and an adjoint spectrum which increased with neutron
energy.

For the STEK experiments, both the JNDC and the Dietze analyses with
JENDL-3.2 show good agreement between the measurements and the
calculations for the strong absorbers in the tables, while the calculations
systematically underestimated the worths by about 10% for the nuclides heavier
than A = 130, as is shown in Figure 3.1.1. The reasons for this underestimation
were investigated by Watanabe, et al. [44] by using a detailed model of the
STEK core in a Monte Carlo code. As a result, the approximation involved in
the group cross-section treatment was identified as one of the reasons. However,
there are unexplained discrepancies between the reactivity worth data and the
differential cross-section data for several nuclides. Further integral experiments
are needed to clarify the reasons for the discrepancies for these strongly
absorbing FP nuclides.

On the other hand, there are discrepancies for the worths calculated by
JNDC for many weak absorbers, particularly for the oxide samples. Small total
reactivity worths are mostly the result of compensating effects (capture: only
negative, scattering: negative and positive). The scattering contributions are very
sensitive to the calculated adjoint spectrum. A large discrepancy is also found
for 100Mo in the Rossendorf experiments. The C/E value for JEF-2.2 in SEG-7A,
which has an extremely hard neutron spectrum and an adjoint spectrum which
increases with increasing energy (which gives a negative reactivity of scattering),
can be interpreted as being caused by the calculated scattering effect being too
small (12% and 3% for inelastic and elastic scattering contributions to the worth,
respectively) [41]. Gruppelaar [4,39] considered that an underestimation of
the inelastic scattering cross-sections was the probable reason. A similar
underestimation was observed in the results calculated by Dieze [43] even with
JENDL-3.2, despite the direct inelastic scattering component being treated in the
cross-section evaluations. On the other hand, Dietze’s analysis [43] using
JENDL-3.2 for the STEK experiments gives C/E values which are closer to
unity than those of the JNDC analysis, as is shown in Table 3.1.2. A major
reason for the difference between these analyses must lie in the neutronics
calculation, particularly of the adjoint spectrum, although it was caused, to some
extent, by a different normalisation of the sample reactivity: JNDC normalised
the worth relative to the perturbation denominator, but Dietze normalised
relative to the infinite dilute sample worth of the 10B standard sample.
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3.2 Contribution of direct inelastic scattering cross-sections to the sample
reactivity worths

In order to clarify the question of whether disregard of direct inelastic
scattering cross-sections in the earlier nuclear data files, such as JENDL-3.1,
JEF-2.2 and ENDF/B-VI, caused the underestimation, we have examined the
effect of direct inelastic scattering on the calculated worths in the STEK
experiments. Calculations have been made for several typical FP isotopes using
the JENDL-3.2 cross-sections and temporary files excluding the direct inelastic
scattering cross-sections. Table 3.2.1 gives the C/E values for the reactivity
worth of Mo, Ru, Pd and Nd isotopes in STEK-500 and STEK-3000 and the
contributions of capture, scattering and direct inelastic scattering to the worth.
Capture gave negative worths and scattering positive worths in these cases.
The C/E values are scattered about unity, ranging from -2.73 to +4.46, the
underestimation being especially large in the case of STEK-500, the core with a
hard spectrum. The negative C/E values for 92Mo and 98Mo mean that calculated
and measured total reactivity worths are of opposite sign. The worths measured
in the STEK-500 core were positive for all Mo isotopes, while the calculated
worths for 92Mo and 98Mo were negative. The situation of the calculated values
is quite clearly seen in Figures 3.2.1 and 3.2.2 which show the calculated and
measured worths plotted against core size (the larger core number has the softer
spectrum). The worth is greatest for the core with the hardest spectrum, as is
shown in the figures, and becomes positive in STEK-500 for all Mo isotopes.
It is also found that the measured values are more positive than the calculated
values, as is shown in the figures. Accordingly, the calculated and measured
worths for 92Mo and 98Mo are of opposite sign for STEK-500, while the C/E
value becomes positive for 100Mo. It is a characteristic, in the case of samples
having a large positive worth contribution due to scattering, that the C/E values
change violently, sometimes being very large and negative in a particular core.
The same situation, the experimental value was larger than the calculated value,
was generally observed for Ru, Pd and Nd isotopes.

The fifth and ninth columns of Table 3.2.1 show the contributions of direct
inelastic scattering cross-sections to the total scattering worth. They are 10% at
most. These small values cannot be a factor to explain the discrepancy between
the calculated and measured reactivity worths for weakly absorbing FP nuclides.
Therefore, other possible explanations for the discrepancies should be
investigated.

It should also be noted that the C/E values are not always a good measure
when evaluating the quality of nuclear cross-sections for weakly absorbing
nuclides. Figure 3.2.1 is very instructive in showing that the calculations
underestimate the scattering component of the worth. In such cases, the absolute
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value of the reactivity worth discrepancy is also a useful indicator to show
trends, particularly when the worth is the result of a cancellation of a negative
reactivity effect due to absorption and a positive one due to scattering.

3.3 Neutron spectrum uncertainty

The neutron spectra of the STEK cores were calculated using the vectorised
pointwise Monte Carlo code, MVP [45], for a three-dimensional homogeneous
model of the STEK reactor and a cross-section library based on JENDL-3.1.
The calculated spectrum was then corrected for heterogeneous effects by means
of diffusion theory calculations. The results were compared with the original
spectra reported by Petten, and employed by them in their sample worth
calculations. Figure 3.3.1 shows a comparison of the neutron spectra calculated
with the various models for the test region of the STEK-4000 core with the
original spectrum [36] (ECN-ADJUSTED). This spectrum was obtained [36] by
adjusting the spectrum calculated using diffusion theory to reproduce the
reactivity worths of the standard samples. In the lower energy range, where the
capture contribution to the reactivity worth of the strong absorbers in a large
core is large, the Monte Carlo calculation, corrected for heterogeneous effects,
supports the original Petten spectrum. Table 3.3.1 shows the results obtained for
the standard samples and strongly absorbing nuclides. Compared with the results
obtained using the original spectra, the present Monte Carlo calculation provides
almost the same or better results for several nuclides such as the standard samples
of Al and Pb. As for the weakly absorbing FP nuclides, an apparent small
improvement of the C/E values is seen in Table 3.3.2, but the C/E values obtained
with the Monte Carlo method agree with those calculated using the ECN flux
within the statistical errors of the Monte Carlo calculation. Accordingly, it is
concluded that the neutron flux difference is not important in the present problem.

Dietze [42] has calculated both the neutron and adjoint fluxes using the
JNC reactor core design code system with a geometrical model which gives a
detailed representation and with a rigorous treatment of the group cross-section
processing. A comparison between the original ECN adjoint spectra and Dietze’s
calculations is shown in Figures 3.3.2 and 3.3.3 for the STEK-500 and
STEK-3000 cores, respectively. Some differences are observed between the
adjoint spectra calculated by Dietze and by JNDC, and the ECN spectra.
We have calculated sample worths using the three sets of spectra. Figure 3.3.4
shows the sample worths calculated for 92Zr as a function of the core average
neutron energy for the different STEK assemblies and for the two sample sizes
(mean chord lengths, ld = 0.726 and 1.3). There are systematic differences
between the JNDC and Dietze’s spectra. The total worths calculated using both
the neutron and adjoint spectra from Dietze’s analysis are closest to the



25

experimental values. The position second nearest to the experimental values is
occupied by the value calculated with Dietze’s adjoint spectrum and the ECN
neutron flux. The difference between the top position and the second is very
small, while the top position is far from the values calculated with the ECN flux
and adjoint spectrum. This means that the flux difference between Dietze and
ECN does not play an important role but the adjoint spectrum difference
engenders a large effect. In reactor theory, adjoint spectra contribute to the
neutron slowing-down component of sample reactivity. Figure 3.3.5 shows the
C/E values for the sample worths of 92Zr as a function of average core neutron
energy. For the mean chord length, ld = 0.726, the C/E values show a dip at
16.3 keV, i.e. the average neutron energy of the STEK-200 assembly. This
unnatural trend is caused by a large experimental value that seems to be
erroneous.

Finally, it can be concluded that the origin of the worth discrepancy, a
problem which has existed for a number of years, can be identified as due to
inaccurate calculations of the scattering components because of approximations
in the calculation of the adjoint spectra. However, we find that there are some
discrepancies remaining between the calculated and measured values even in the
fairly sophisticated analysis made by Dietze. This might mean that the adjoint
calculation method should be refined further, by using a very fine group
cross-section set having a higher reliability.

4. Conclusions

The present studies confirm that the DWBA method is applicable for
estimating the cross-sections for one-phonon vibrational levels. The coupled
channel theory is the best to estimate the excitation functions for both vibrational
and rotational levels of deformed nuclides and for the mass range around 100.

An anomalous enhancement of the DWBA cross-sections for 100Mo appears
near the threshold energy when the optical potential has a small imaginary part.
The enhancement tends to occur when global optical potentials with a symmetry
term in the imaginary part are used for nuclides which have an excess of neutrons.
The problem is also seen in the coupled-channels calculation; however the
magnitude of the enhancement is smaller. The enhancement in the case of the
DWBA can be attributed to a large p-wave amplitude. An optical potential
which yields too large a p-wave strength function tends to give a large DWBA
cross-section. When the DWBA cross-sections are physically reasonable, the
differences between the DWBA cross-sections and the coupled-channels
cross-sections are small.
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The DWBA and the Hauser-Feshbach-Moldauer calculations made using
the spherical optical potential of Smith, et al. provide inelastic scattering
cross-sections in the energy range En ≤ 5 MeV, which are in good agreement
with the recent IRMM experimental data. The compound cross-section
calculation in this energy range is sensitive to the width fluctuation correction.

The discrepancies between the experimental and calculated sample
reactivity worths measured in the STEK experiments are partially attributed to
the inaccurate inelastic scattering cross-sections used in the calculations.
Modification of the inelastic scattering cross-sections reduces the discrepancies
to some degree. However, there are discrepancies for some strong absorbers and
for the standard samples such as carbon and oxygen whose cross-sections are
rather accurately known. This suggests that there remain yet other factors, such
as errors in the calculation of the adjoint spectra and the treatment of resonance
self-shielding effects. A recent analysis with a more rigorous treatment of the
geometrical model and cross-section processing has led to the probable
conclusion that the sample reactivity worth discrepancies for weakly absorbing
FP nuclides were caused by approximations in the calculation of adjoint spectra.
It should also be noted that the worth of C/E value is not always a good measure
to use as a test of the accuracy of cross-sections when the worth is a balance
between positive and negative components. The absolute values of the measured
and calculated worths, the differences between them and their trends should also
be studied.
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Table 2.2.1. S-wave and p-wave strength functions for 100Mo

s-wave p-wave
(× 10–4) (× 10–4)

Mughabghab 0.73 ± 0.17 4.4 ± 0.9
Original WG 0.91 5.1
Modified WG 0.61 7.5
Smith, et al.. 0.75 4.9

Table 2.2.2 DWBA cross-sections calculated with
the original Walter-Guss potential and the modified

Walter-Guss potential. The values of Ws are at En = 0 MeV.

The DWBA cross-sections are for the collective 2+ state at
En =1 MeV, assuming β2 = 0.1 and an excitation energy of zero

Original WG Modified WG
(N – Z)/A

Ws [MeV] DWBA [ mb] Ws [MeV] DWBA [mb]
40Ca 0.0 10.85 4.882 7.710 8.647
48Ca 0.167 8.360 11.73 5.220 27.20
78Kr 0.0769 9.701 21.56 6.561 43.39
86Kr 0.163 8.418 32.28 5.278 78.71
102Pd 0.0980 9.385 17.57 6.245 43.62
110Pd 0.164 8.405 20.76 5.265 51.28
156Dy 0.154 8.552 51.94 5.412 174.4
164Dy 0.195 7.935 57.45 4.795 213.1
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Table 3.1.2. C/E values obtained in
Dietze’s analysis of the STEK experiments

MAT ID STEK-4000 STEK-3000 STEK-2000 STEK-1000 STEK-500 Comment
10B 105 1.00±4% 1.00±5% 1.00±4% 1.00±4% 1.00±4% Normalisation

90Zr 400 0.58±29% 0.78±28% 0.71±28% 0.75±24% 0.89±21% Small effect, !
91Zr 401 1.51±13% 1.37±15% 1.43±15% 1.22±22% 1.24±68% !
92Zr 409 x x 0.31±55% 0.60±31% 0.72±25% Small effect, !
93Zr 403 0.32±43% 0.40±59% 0.37±54% 0.28±57% 0.35±44% !
96Zr 406 2.20±28% x 2.36±79% 1.13±63% 0.86±29% Small effect

92Mo 422 1.08±48% 1.01±61% 0.97±54% 0.66±53% x
94Mo 424 x 0.66±49% 0.85±37% 1.62±70% 0.37±60% Small effect
95Mo 425 0.80±12% 0.81±14% 0.87±14% 0.88±13% 0.82±16% Important FP, ?
96Mo 426 1.04±36% 0.91±57% 0.96±50% 1.17±51% x Small effect
97Mo 427 0.77±16% 0.79±15% 0.93±12% 0.97±9% 0.99±13% Important FP
98Mo 428 2.33±12% 1.69±20% 2.14±23% x x Important FP, !

100Mo 420 1.87±15% 1.75±27% x x x Important FP, !
99Tc 439 0.84±11% 0.66±12% 0.69±15% 0.72±17% 0.88±8% Important FP, !

101Ru 441 1.16±12% 0.99±13% 1.03±13% 0.98±14% 1.04±11% Important FP
102Ru 442 0.67±27% 1.05±20% 1.10±19% 1.43±23% 1.95±61% Important FP, ?
104Ru 444 1.09±38% 1.09±32% 1.23±39% 1.84±36% 1.24±38% Important FP
103Rh 453 0.95±8% 0.97±9% 0.93±9% 0.92±7% 0.90±11% Important FP
104Pd 464 1.30±45% 1.46±44% 1.55±47% 1.40±52% 1.58±84% ?
105Pd 465 0.88±10% 0.85±12% 0.96±10% 1.03±9% 0.99±9% Important FP
106Pd 466 1.59±16% 1.47±17% 1.44±15% 1.40±19% 1.43±29% !
107Pd 467 0.93±9% 0.92±10% 1.07±11% 1.11±11% 1.04±9% Important FP
108Pd 468 0.97±23% 0.81±17% 0.95±22% 1.39±42% 1.17±39% Important FP
110Pd 460 1.05±36% x 0.89±86% 0.59±40% x
109Ag 479 0.78±11% 0.55±13% 0.84±15% 0.72±19% 0.76±14% Important FP, !
111Cd 481 0.95±24% 1.10±25% 1.07±22% 0.89±21% 0.95±22%
128Te 528 x x x x 0.54±28% Small effect, !
130Te 533 x x 0.79±44% 1.02±39% x Small effect

127I 537 0.73±11% 0.82±17% 0.92±14% 0.87±16% 0.81±20% ?
129I 539 0.86±28% 0.88±29% 0.93±28% 1.08±21% 1.12±26% Important FP

133Cs 553 0.65±10% 0.58±13% 0.70±9% 0.80±8% 0.71±12% Important FP, !
135Cs 555 x 0.43±70% 0.61±84% 0.71±85% 0.23±84% Large err., ?
139La 579 1.17±8% 1.35±55% x x 0.81±53% Small effect
140Ce 580 1.54±64% 0.55±54% 0.68±39% 0.98±24% 0.49±45% Small effect
142Ce 582 x 0.44±65% 0.27±25% 0.36±19% 0.33±17% !
141Pr 591 0.99±19% 1.06±25% 0.87±21% 1.49±29% 0.80±38% Important FP

C/E values of central reactivity worths, normalised to the C/E value of 10B, calculated using the
JNC standard route JENDL-3.2/SLAROM/CITATION/ PERKY in 70 energy groups.
x Measured reactivity or infinitely dilute value is very small or near zero.
! Discrepancy significant.
? Discrepancy questionable.
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Table 3.1.2. C/E values obtained in Dietze’s
analysis of the STEK experiments (cont.)

MAT ID STEK-4000 STEK-3000 STEK-2000 STEK-1000 STEK-500 Comment
142Nd 602 x 0.76±69% 0.98±47% 0.73±40% 0.93±54% Small effect
143Nd 603 0.66±18% 0.84±25% 0.86±25% 0.99±14% 0.88±24% Important FP
144Nd 604 0.36±37% 0.58±45% 0.92±54% 0.85±44% x
145Nd 605 0.47±25% 0.58±28% 0.71±22% 0.87±18% 0.90±22% Important FP
146Nd 606 0.82±37% 0.87±72% 1.58±84% x x Small effect
148Nd 608 0.76±23% 0.79±24% 0.92±18% 1.13±19% x
150Nd 600 0.75±33% 0.92±49% 1.30±25% 1.69±23% x
147Pm 617 0.78±19% 0.65±24% 0.76±21% 0.86±15% 0.89±12% Important FP
147Sm 627 0.86±15% 0.87±24% 1.11±24% 0.95±12% 0.96±14%
148Sm 628 0.49±25% 0.59±52% 0.90±33% 1.23±36% 1.54±84%
149Sm 629 1.25±14% 0.89±15% 0.87±14% 0.88±13% 1.05±10% Important FP
150Sm 620 0.86±19% 0.75±25% 0.77±21% 0.81±22% 0.89±21%
151Sm 621 0.46±60% 0.42±54% 0.44±51% 0.50±53% 0.55±55% Important FP, !
152Sm 622 0.80±25% 0.69±39% 0.75±27% 0.78±26% 0.92±37%
154Sm 624 0.77±27% 0.85±38% 0.99±32% 1.00±28% 0.84±46%
151Eu 631 0.84±14% 0.72±17% 0.80±16% 0.86±12% 0.81±17% From Eu-nat
153Eu 633 0.92±11% 0.94±16% 1.02±14% 0.99±12% 0.98±13% Important FP
156Gd 646 1.69±18% 1.89±28% 1.43±25% 0.98±27% 1.17±63% ?
157Gd 647 3.19±8% 1.41±11% 1.24±12% 0.99±14% 1.23±21% ?
159Tb 659 0.96±6% 0.92±13% 1.01±7% 1.08±8% 1.10±12%

C/E values of central reactivity worths, normalised to the C/E value of 10B, calculated using the
JNC standard route JENDL-3.2/SLAROM/CITATION/ PERKY in 70 energy groups.
x Measured reactivity or infinitely dilute value is very small or near zero.
! Discrepancy significant.
? Discrepancy questionable.
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Table 3.3.1. C/E values for the reactivity worths of standard samples
and strongly absorbing FP nuclides (calculation with JENDL-3.1)

Nuclides C/E value with
ECN flux

C/E value with
Monte Carlo method

(Stadard samples)
10B
C
N
O
Al
Pb

235U
(FP nuclides)

95Mo
99Tc

105Pd
107Pd

149Sm
153Eu
159Tb

0.981
0.829
0.850
0.729
0.817
0.662
0.946

0.998
0.872
0.894
0.899
0.851
0.899
1.017

0.963 ± 0.018
0.823±0.020
0.847±0.085
0.753±0.030
0.871±0.037
0.823±0.025
0.962±0.021

0.969±0.045
0.859±0.026
0.883±0.027
0.888±0.019
0.841±0.018
0.888±0.020
1.009±0.024
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Table 3.3.2. C/E values for the reactivity worths of weakly
absorbing FP nuclides (calculation with JENDL-3.1)

Nuclides C/E value with
ECN flux

C/E value with
Monte Carlo method

90Zr
92Zr
96Zr

92Mo
94Mo
98Mo

100Mo
104Pd
106Pd
108Pd
110Pd
128Te
130Te
140Ce
142Ce
142Nd
144Nd
146Nd
148Nd
150Nd

0.674
0.479
0.571
0.947
1.099
1.027
1.089
1.101
1.147
1.065
0.722
0.386
0.457
0.795
0.642
0.009
0.628
0.590
0.767
0.675

0.705±0.123
0.532±0.138
0.622±0.156
0.877±0.338
1.006±0.468
0.975±0.103
1.041±0.190
1.078±0.217
1.120±0.106
0.998±0.149
0.649±0.456
0.407±0.279
0.549±0.269
0.843±0.118
0.675±0.183
0.043±0.079
0.645±0.336
0.696±0.236
0.728±0.100
0.641±0.097
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FIGURES
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Figure 2.1.1. Comparison of inelastic scattering cross-sections for 92Zr

Figure 2.1.2. Comparison of inelastic
scattering cross-sections for natural Pd
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Figure 2.1.3. Level scheme of 144Nd and 150Nd

Figure 2.1.4. Comparison of inelastic scattering cross-sections for 144Nd

JENDL-3 is based on DWBA calculation with
Ws = 9.1 MeV and ECIS is denoted to the CC calculation
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Figure 2.1.5. Comparison of inelastic
scattering cross-sections for natural 150Nd

Solid and dashed lines show the CC results with Ws = 4.5 and
9.13 MeV, respectively. JENDL-3 was estimated with DWBA.
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Figure 2.2.1. Direct inelastic scattering cross-sections to 2+ level
calculated with the original Walter-Guss potential (thin lines) and
the modified Walter-Guss potential (thick lines). The dot-dashed

lines are the CC results with the 0+-2+-3– coupling scheme.

Figure 2.2.2. Direct inelastic scattering cross-sections to 3– level
calculated with the original Walter-Guss potential (thin lines) and
the modified Walter-Guss potential (thick lines). The dot-dashed

lines are the CC results with the 0+-2+-3– coupling scheme.
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Figure 2.2.3. The squared values of the
radial wave functions at En = 0.1 MeV

The thin lines are calculated with the original Walter-Guss
potential, and the thick lines are with the modified one

Figure 2.2.4. Comparison of the overlap integral with the
original Walter-Guss and the modified Walter-Guss potentials

The entrance channel and the exit channel wave functions are for the p-wave, j = 3/2
at En = 0.1 MeV. The collective form factor is shown by the dashed line (real) and
the dot-dashed lines (imaginary). The real parts of both potentials are the same.
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Figure 2.2.5. Imaginary part of S matrix elements at
En = 1 keV and DWBA cross-sections at En = 1.0 MeV

as a function of the depth of the imaginary potential, Ws

Figure 2.2.6. Comparison of the calculated DWBA cross-sections
for 100Mo and the partial cross-sections (dashed lines)

The DWBA cross-sections are calculated for a fictitious level having the
excitation energy of 0 MeV and the angular momentum transfer of 2 h



49

Figure 2.2.7. Comparison of the calculated DWBA cross-sections
for 50Cr and the partial cross-sections (dashed lines)

The DWBA cross-sections are calculated for a fictitious level having the
excitation energy of 0 MeV and the angular momentum transfer of 2 h

Figure 2.2.8. Comparison of the calculated inelastic scattering cross-sections
of 100Mo for the 535.6, 695.1 and 1 064 keV levels with the experimental data

Cross-sections for the first level contain 88Mo of the second level. The direct process is
calculated with the DWBA. The dot-dashed line corresponds to the compound cross-section

calculation on the assumption that the level widths distribution is the Porter-Thomas distribution.
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Figure 2.2.9. Same as Figure 2.2.7, but the
direct process is calculated with the CC

Figure 2.2.10. Comparison of the calculated inelastic scattering
cross-sections of 100Mo for the 535.6 keV level with the experimental data
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Figure 2.2.11. Comparison of the calculated inelastic scattering cross-sections
of 98Mo for the 787.4 and 1 432 keV levels with the experimental data,

as well as the calculated cross-sections for 734.8 keV level

Figure 2.2.12. Comparison of the calculated inelastic scattering
cross-sections of 92Mo for the 1 509 keV level with the experimental data
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Figure 3.1.1. C/E values of sample reactivity worth for
the STEK experiments as a function of mass number

Figure 3.2.1. Comparison of reactivity worth
of 98Mo in order of core size for two sample sizes
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Figure 3.2.2. Reactivity worth of 100Mo in
order of core size for three sample sizes
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Figure 3.3.1. Comparison of the calculated
neutron spectra in the STEK-4000 core
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Figure 3.3.2. Comparison of adjoint spectra and
ratios to the ECN spectrum in the STEK-3000 core

0.005

0.010

0.015

0.020

0.025

1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6 1.0E+7

Neutron energy

A
dj

oi
nt

 f
lu

x

Dietz-ad
jndc-ad
ecn-ad

-0.15

-0.10

-0.05

0.00

0.05

0.10

1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07

Energy (eV)

A
d/

ec
n-

1

Dietz/ecn-1
jndc/ecn-1



55

Figure 3.3.3. Comparison of adjoint spectra and
ratios to the ECN spectrum in the STEK-500 core
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Figure 3.3.4. Comparison of the reactivity worth of 92Zr as a
function of average core neutron energy, calculated using various

combinations of neutron and adjoint fluxes with the experimental values

92Zr (ld = 0.726) ρ/ρ0

0.00

0.02

0.04

0.06

0.08

0.10

0.12

1 10 100

Av. Energy (KeV)

ρ/
ρ 0

Dietze-FA

Dietz-A&ecn-F

jndc-Fa

Ecn-FA

Experiment

92Zr (ld = 1.3) ρ/ρ0

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

1 10 100
Av. energy (KeV)

ρ/
ρ 0

Dietze-FA
Dietz-A&ecn-F
jndc-Fa
Ecn-FA
Experiment



57

Figure 3.3.5. Comparison of the C/E values for reactivity worth of 92Zr
as a function of average core neutron energy, calculated using various

combinations of neutron and adjoint fluxes with the experimental values
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APPENDIX

Summary of the
JNDC Analysis of the
STEK Experiments
Using JENDL-3.2
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