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Abstract. Inelastic (n,n’) cross section is a key quantity to accurately simulate reactor cores, and its precision
was shown to need significant improvements. To bypass the experimental difficulties to detect neutrons from
(n,xn) reaction and to discriminate inelastically scattered neutrons from those following the fission process in
case of fissile targets, an indirect but yet powerful method is used: the prompt y-ray spectroscopy. Along this
line, our collaboration has developed the GRAPhEME setup, optimized for actinides, at the GELINA facility
to measure partial (n,xn y) cross sections, from which the total (n,xn) cross section can be inferred. (n,xn y)
experiments with actinides are still particularly challenging, as their structure presents a high level density at
low energy, and the competing neutron-induced fission reaction contaminates the y-energy distribution. New
precise measurements of the partial (n,xn ) cross sections provide a stringent test to theoretical model and
offer a way to improve them. This is a path to a better determination of the total inelastic scattering cross
sections. In this contribution we discuss modeling aspects of the 228U and '82W (n,n’ ) reactions, also measured
with GRAPhEME, using the three codes TALYS, EMPIRE and CoH. We will highlight the needed/expected
improvements on reaction modeling and nuclear structure input.

1 Introduction

Inelastic scattering reactions are important processes in a
reactor core as they contribute to the slowing down of the
neutrons and then have an impact on macroscopic core pa-
rameters as kg or radial power distribution. The need for a
better knowledge of their cross sections for fuel, coolant or
structure materials has been highlighted since the nineties.
In 1999, the NEA WPEC-subgroup 4 [1] has already em-
phasized the large discrepancies between the evaluated
2380 inelastic (and capture) cross sections and emphasized
the need of new experimental and theoretical studies. This
first report has motivated many experimental works. In
2008, the NEA WPEC-subgroup 26 has compiled, for sev-
eral GEN-IV reactors, the cross sections accuracy needed
to reach the target uncertainty for the reactor core param-
eters [2]. They concluded that reported uncertainty on the
(n,n”) cross section of about 20% is still too high to allow
accurate simulations of core parameters. Several requests
on (n,n’) cross sections for various nuclei are listed in the
HPRL [3]. Among other works, the recent studies per-
formed by CEA/DEN [4] and PSI (Ziirich) [5] have shown
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the importance of good knowledge of the 2¥U(n,n’) cross
section for the simulation of cores of commercial reac-
tors. In this contribution, we report a joint experimental
and theoretical effort to improve the quality of evaluated
(n,n’) cross sections. Section 2 describes the experimental
work to produce new neutron inelastic scattering data with
the prompt y-ray spectroscopy method, while Section 3
shows, through specific examples with '82W and 23U tar-
gets, how these data can be used to pinpoint modeling is-
sues and to constraint model parameters.

2 GRAPhEME and the prompt y-ray
spectroscopy method

2.1 The prompt y-ray spectroscopy method for
(n,n’) studies

Three experimental methods exist to measure (n,xn) reac-
tion cross sections. In this work, we use the prompt y-ray
spectroscopy combined with time of flight measurement
to produce (n,xn y) cross sections [6]. This method gets
rid of the difficulty to detect neutrons and can be used at
white neutron beam facilities. The (n,xn y) cross sections

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 239, 01023 (2020)

https://doi.org/10.1051/epjcont/202023901023

ND2019
(n,n') Residual nucleus
« indirect »
nuclear .
Figure 1. (color models CALCULATED level production
online) Schematic constrained o(n,xn) (via y-cascade)——f—w

view of the two
ways to deduce
total (n,xn) cross
section from
measured  (n,n’
y) ones from ref.

(7.

nugélear

stricture | DEDUCED
information exp. G(H,Xn)

obtained are then used to infer the level production and to-
tal (n,xn) ones by two possible ways as illustrated in Fig. 1.
This procedure has been explained in detail in Ref. [7].

We can already notice that nuclear structure knowl-
edge is a key parameter for the inferring of inelastic cross
section and in chapter 3, we will show how the (n,xn y)
cross sections can help to improve the modeling of differ-
ent components of the inelastic process.

2.2 GRAPhEME: characteristics and performances
for (n,xn y) measurements

Our experimental collaboration [IPHC (France), EC-JRC-
Geel (Belgium) and IFIN-HH (Romania)] has developed
since almost fifteen years two germanium arrays for the
study of neutron inelastic scattering at the GELINA (Geel
Electron LINear Accelerator) neutron facility operated by
EC-JRC-Geel [8]. The GAINS (Gamma Array for Inelas-
tic Neutron Scattering) setup is mainly devoted to mea-
surements on light and intermediate mass nuclei and is
placed at a long flight path (100 m) (see contribution
[9] in these proceedings). The second setup is called
GRAPhEME (GeRmanium array for Actinides PrEcise
MEasurements) and is placed at 30 m from the neutron
source. It has been optimized for measurements on ac-
tinides and is composed of one fission chamber, which is
used for neutron flux determination and, currently, of six
planar germanium detectors including one segmented in
36 pixels. The typical neutron energy resolution is 10 keV
at E,=1 MeV. Measurements have been performed on
232Th [10]’ 233,235,238U [11]’ anI', nat,182,183,184,186w [12]
and 3’Fe. The sample thickness ranged from 0.2 to 1.3 mm
and the total beam time, for a measurement, varied be-
tween 400 hours and 3000 hours. GRAPhEME is then
able to produce numerous (n,xn y) cross sections (x=1,2,3)
with total uncertainties ranging from 3% to 20% depend-
ing on the incident neutron energy. A special effort is be-
ing made to publish well documented data regarding the
analysis procedure and all uncertainty sources and their
correlations explicitly described in view of an efficient use
in the evaluation process.

3 Modeling the (n,n’y) reaction

The production of a y-ray (following the decay from a
level i to a level j) resulting from a neutron inelastic re-
action is the product of two quantities: the production of
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the level 7, and the probability BR;_)j to decay to a daughter
level j, that is the Branching Ratio (BR) (see Fig. 2).

We can distinguish two main components in the pro-
duction of the level i. The first is the inelastic scattering
of the neutron to the level i, with contributions from a di-
rect ok, , and a compound o-ic()mp (formation and decay of
the compound nucleus) mechanisms. The second is the
side feeding, namely the production of the level i by the -
cascade induced by the decay of levels produced at higher
excitation energy. It splits into a "Discrete Cascade" part
(decay from discrete levels) o-f)is' case. and a "Continuum
Cascade" part (decay from continuum) o, . - Finally,
the o(n, n"y;_, ;) cross section reads

o(n,n'yis) = (o, + U’Comp +
i—j

i i
O Disc. Casc. + T Cont. Casc.) X BR)’ (1)

3.1 What can we learn about reaction
mechanisms?

3.1.1 (n,n’7y) cross sections

The comparison between experimental and calculated
(n,n” ) cross sections may pinpoint model inaccura-
cies and thus help improving the whole modeling of
the reaction. Nevertheless for specific transitions, dif-
ferences between experimental data sets pose additional
challenges. This is illustrated for two y-rays in 23U in
Fig. 3, which compares the (n,n’ y) cross sections mea-
sured with GRAPhEME, and measurements from previ-
ous experiments, with three calculations performed with
the codes TALYS [13] (model A), EMPIRE [14] (model
B) and CoH [15] (model C). Note that i) model A cor-
responds to TALYS 1.8 where the pre-equilibrium model
was replaced by the JLM/QRPA model [16]; ii) model B
was used to produce the *8U CIELO file, later adopted as
ENDEF/B-VIILO. Figure 3 shows that, while the main fea-
tures of the measured cross sections are qualitatively re-
produced by the calculations, strong differences between
the three calculations and the measurements are observed.
A fully understanding of those discrepancies is a long and
tedious process, but it is necessary to clarify which are
the best choices of models, parameters and prescriptions
to describe (n,n’ ) reactions, and eventually to better de-
termine total inelastic (n,n’) cross sections. By comparing
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calculations from models A, B and C of the various com-
ponents of Eq. 1, the present work reports first steps along
this line.
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Figure 3. (color online) Experimental >*®U(n,n’ y) cross sections
(symbols defined in the right panel) for E,=158.8 keV (Yrast
transition, left panel) and for E,=583.55 keV (inter band transi-
tion, right panel) compared with the nuclear reaction code calcu-
lations (defined on left panel).

3.1.2 Level production cross sections

We first review the various features involved in the calcu-
lations of the production of a specific level i. This produc-
tion, obviously, strongly depends of model input parame-
ters and prescriptions used to describe the various mecha-
nisms at work. For inelastic scattering to the level i, these
parameters are

(i) for the direct mechanism: optical potential parameters,
coupling scheme (number of coupled states and angular
momentum cut-off) and deformation lengths;

(ii) for the compound mechanism: optical potential pa-
rameters that provide the transmission coefficient, chosen
method to account for widths fluctuations.

The determination of the side feeding depends on the prob-
ability to decay to the level i from all the levels k pro-
duced at a higher energy, and the production of each level
k. It also depends on prescriptions chosen to describe the
nuclear structure which is only partially known. Indeed,
for actinides, the precise knowledge of the level scheme
becomes incomplete at excitation energies as low as 1-
1.2 MeV. Above this energy, the spectrum is described as
a continuum, relying on specific choice of level densities.
The number of discrete states, i.e. the energy at which
the spectrum description switch from discrete to contin-
uous, is an important parameter of the calculation. Note
that the CoH code offers one specific possibility, that is to
account for a discrete state in a continuum. Then, once the
spectrum is defined, the production of the level i after a y
cascade from a level k depends on

(iii) the y-strength functions if £ belongs to the continuum,
(iv) the branching ratios, if k is a discrete level,

(v) the production of level k; if k is a discrete level, the
elements of points i) and ii) are involved; if k is in the

continuum, its production involves elements of point ii) for
a compound process, and the description of direct inelastic
scattering to the continuum, namely the pre-equilibrium
model.

Each of these modeling features will have different rel-
ative importance that depend on the level i and the in-
cident energy considered. This is illustrated in Fig. 4,
which shows the productions of the 2] and 37 levels in
238U from modeling A, B and C. The total level produc-
tion (dashed curves), and its inelastic scattering compo-
nent (solid curves) are displayed. The differences in shape
between model A, B and C can be related to specific as-
pects of the model.

3500

400 AlTalys — A: Talys —
350 [\ B s — 3000 8- EmetE TN
I\ - y : N>
3;, E=731.9 keV -
300F AN ’ 2500 27 /,;//
g 2501 I /T \\ g 20001 Ei=44.9 ke\///////
/4
G 200 o 1500
150
100 1000 f
50 500 |
0 0

E (MeV)

Figure 4. (color online) level production cross sections (dashed
curves) in 2%U with inelastic component (full curves) for
E;=44.9 keV (Ground state rotational band, right panel) and for
E;=731.9 keV (rotational band 2, left panel) from models A, B
and C.

3.2 What can we learn about nuclear structure?
3.2.1 Continuum cascade cross sections

Features of the modeling of the side-feeding from contin-
uum states can be examined from specific (n,n’ ) transi-
tions. D. Dashdorj el al. [17] showed that a microscopic
description of the population of continuum states via di-
rect and pre-equilibrium process lead to a better descrip-
tion of some (n,n’ y) reactions. This was related to the spin
distribution associated to the residual nucleus which can
be predicted by the microscopic pre-equilibrium model.
In Ref. [18], a similar approach was successfully ap-
plied to the 2**U(n,n’ y) reaction for transitions from high
spin states belonging to the ground state rotational band
(GSRB). We illustrate in Fig. 5 this feature by compar-
ing, for two transitions in 2337, measurements and calcu-
lations from models A, B and C. Models A and B used a
microscopic description of pre-equilibrium emission (re-
spectively the folding JLM/QRPA model of Ref. [18] and
the multistep direct model of Ref. [19]), while model C re-
lies on the exciton model with n-exciton spin distributions
[14].

Other ingredients of the continuum cascade modeling
that we can test are the y-strength functions. Similar to the
pre-equilibrium model, we have observed that a more mi-
croscopic description (using QRPA nuclear structure cal-
culations) of the E1 and M1 has a huge impact on inter-
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Figure 5. (color online) Experimental >¥U(n,n’ y) cross sections
for E,=210.9 keV (left panel) and for E,=257.8 keV (right panel)
compared to the nuclear reaction code calculations.

band y transitions and leads to better cross section descrip-
tion [20].

3.2.2 Discrete cascade cross sections

While in 233U, microscopic pre-equilibrium models lead to
a realistic account of high spin vy transitions in the GSRB
(see section 3.2), this is not the case for '3*W, as shown
in Fig. 6 by continuous blue curves (model A) and dashed
red curves (model C). A recent update of model C, which
now accounts for 70 discrete levels up to 2.3 MeV (com-
pared to 29 levels up to 1.8 MeV in the previous model C,
and similar prescriptions in model A and B) and embeds
discrete levels in the continuum, seems to solve this issue
as shown by the red continuous line in Fig. 6.
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Figure 6. (color online) Experimental '®2W(n,n’ y) cross sec-
tions for intra-band transitions (left panel: E,=351 keV, right
panel: E, =463 keV) compared to the nuclear reaction code cal-
culations.

3.2.3 Nuclear structure aspects

Some levels branching ratios between different de-
excitation paths can be measured with GRAPhEME and
compared with literature values ( ENSDF [21]). Scanning
over the 26 analyzed levels in >3 Th, we have found some
differences for transitions from three levels (at 873, 1042.9
and 1121.7 keV). For 238U, the analysis is still in progress
but a first significant difference has been found for transi-
tions from the 37 level at 680.11 keV.

The method we used to infer the (n,n’) cross section is
strongly dependent of the nuclear structure knowledge. It

is thus a huge concern for our team to quantify the sensi-
tivity of variation in the description of the level scheme.
For example in U and up to E; = 1.3 MeV (the max-
imum excitation energy reached in our experiment), 79 y
transitions are listed in ENSDEF, 76% have BR information
and only 56% are mentioned with uncertainty. To help
quantifying the consequence of this, we have developed a
Monte Carlo simulation based on TALYS 1.8 code which
allows to estimate the sensitivity of a 7y transition cross
section to the uncertainty on BRs of other y transitions.
Figure 7 shows the sensitivity matrix obtained for 2*%U.
The main conclusions are that, up to excitation energies
around 780 keV, y-production cross sections are sensitive
to the BRs and an uncertainty on BR of 10% leads to an
uncertainty on cross section of around 4%. In ENSDF,
the average BR uncertainty is 8%, thus this effect has to
be considered when inferring the (n,n’) cross section from
(n,n’ ) ones.

V“})/A—transition 238” S (% /0/0)

0.30

780 keV

L06-L02

L06-L01
LO5-L01
LO5-LO0
L04-L03
L03-L02
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Figure 7. (color online) Sensitivity matrix for y-production cross
sections to Branching Ratios in *U. L; is the number of the level
in TALYS.

4 Conclusions

The prompt +y-ray spectroscopy method with the
GRAPhEME setup is a powerful method to produce pre-
cise (n,xn y) cross sections for valuable evaluation. In
this work, we have shown that the (n,n’ ) cross sections
can be used as a fine probe to pinpoint shortcomings in
both reaction modeling and nuclear structure knowledge.
This can be used to improve the models. Results reported
here are only the first step of a more comprehensive work
which will lead to well documented publications for 233U,
182,184,186\ and 232Th.
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