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Abstract—Most of nuclear reactor developments are
using evaluated data base for numerical simulations.
However, the considered databases present still large
uncertainties and disagreements. To improve their level
of precision, new measurements are needed, in particular
for (n, xn) reactions, which are of great importance as they
modify the neutron spectrum, the neutron population, and
produce radioactive species.

In 2003, the IPHC group started an experimental
program to measure (n, xnvy) reaction cross sections
using prompt gamma spectroscopy and neutron energy
determination by time of flight. Measurements of (n, xnv)
cross section have been performed for 23%:238(, 232Th,
nat,182,183,184,186W, natZr.

The experimental setup, consisting of HPGe detectors
and a fission chamber, is installed at the neutron beam
at GELINA (Institute for Reference Materials and Mea-
surements (IRMM), Geel, Belgium). It has recently been
upgraded with the addition of a highly segmented 36
pixels planar HPGe detector. The setup is equipped with
a high rate digital acquisition system. The analysis of
the segmented detector data requires a specific procedure
to account for cross signals between pixels. An overall
attention is paid to the precision of the measurement.

The setup characteristic and the analysis procedure will
be presented along with the acquisition and analysis chal-
lenges. Examples of results and their impact on models will
be discussed. Finally, the perspectives on complimentary
experiments will be presented.

I. CONTEXT AND MOTIVATION

As future nuclear reactor designs and fuel cycles
are understudy, the development and risk analysis is
mainly done through numerical simulations. These
calculations use evaluated nuclear data bases in
which are stored the characteristic values (cross sec-
tion, angular distribution, ...) of all nuclear physics

processes to consider. Such data are evaluated both
from experimental measurement and theoretical pre-
diction. However, even today, evaluated data bases
still present large uncertainties for many reactions.
For example, the cross section for the inelastic
neutron scattering off 23*U can differ by as much
as 10 % between evaluations — see Fig. [I] These
uncertainty lead to uncertainty on the control pa-
rameters of reactors (keg, power peak, void, ...) [1]].
Theoretical developments and new measurements
are necessary to improve the evaluations.
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Figure 1. Cross section for the inelastic neutron scattering off 233U
according to the three main evaluations, along with experimental data
points. The evaluation differ by as much as 10 % at the top of the
cross section. Data and evaluation collected via [2].

Among the reaction of interest for reactor
physics, inelastic neutron scattering (n, xn) is of
particular importance as it changes the energy and
number of the neutrons. It also creates new isotopes
in the material. The direct study of (n, xn) reaction
can be challenging due to the difficulty of detecting



scattered neutron and measuring their energy. But
the exclusive (n, xny) reaction can be a useful proxy.
In (n, xnv) reaction, it is possible to unequivocally
identify the nucleus excited in the reaction by
selecting the gamma ray energy corresponding to
a transition between states in the nucleus. Ideally,
one can collect the total flux of transition going to
the ground state of the nucleus and thus infer the
total (n, xn) cross section. However, this is rarely
possible. Therefore, one has to rely on models to
complete the missing information. As (n, xn7y) cross
sections are very strong constrains on models, the
experimental measurements are used to tune models
and ensure a correct description of the reaction
mechanisms. One builds confidence in the models
that way.

II. THE GRAPHEME SETUP

The GRAPhEME (GeRmanium array for Ac-
tinides PrEcise MEasurement) setup is installed at
the neutron beam facility GELINA, at the European
Commission Joint Research Center’s Institute for
Reference Materials and Measurements in Geel,
Belgium [3], [4].

The neutron source is based on a linear electron
accelerator producing electron beams. The acceler-
ated particles produce Bremsstrahlung in an ura-
nium target which in turn, by photonuclear reac-
tions, produce neutrons, with an average flux of
3.4 x 10 neutrons/s. The neutron energy distri-
bution ranges from subthermal to about 20 MeV,
with a peak around 1-2 MeV. The flight paths,
symmetrically arranged around the uranium target,
lead to several experimental locations at distances
of 10 to 400 m.

The GRAPhEME setup (Fig. [2) is located 30 me-
ters away from the neutron production target and
consists of a fission chamber (FC) to measure the
incoming neutron flux and HPGe detectors for the
detection of ~y rays. The FC is a ~ 320 cm?® volume,
filled with a 10 % methane- and 90 %argon-mixture
at 1 atm pressure, with a 2*°U enriched (99.5 %)
UF, deposit 640 nm thick. The reaction of neutrons
with the 23°U nuclei induces fission and one of the
fission fragment is detected in the gas chamber.
The efficiency of the FC has been determined to
be 94.4 + 2.1 % [3, [6]. An energy cut allows the
differentiation between alpha emission and fission
fragment.

HPGe detectors

pulsed neutron
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- =</ j =
T sample
- J110°
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Figure 2. Schematic representation of the GRAPhEME setup with

four germanium detectors in the beam plane.

After the fission chamber, planar HPGe detectors
surround the sample to study. The average resolution
of the detector at 122 keV is 0.75 keV and the
absolute efficiency is 0.01.

A close attention has been made to shield the de-
tectors from outside background. In particular from
v rays and neutrons from neighboring beam lines.
That is why the sample and the HPGe detectors are
enclosed into shield wall of 3 cm-thick lead bricks.
To absorb X-rays from the lead, the inside of the
shielding is lined with a combination of Cadmium
and Copper.

The electron beam used to produce the neutrons
is accelerated by a pulsed linear accelerator powered
by three high-power klystrons. Being only 30 meters
from the production target, our setup is sensitive
to the radiated electromagnetism perturbation from
the klystrons. For low energy gamma rays, the
EM perturbation affects the timing of the signal.
To avoid distorting the time spectrum of detected
gamma rays, great effort have been spent to ensure
the maximum shielding against EM effects. The
double shielded signal cables are carefully wrapped
in wire mesh and fixed to the support table to avoid
any current loops.

The detectors are connected to TNT acquisition
cards [7], [8l], developed at IPHC. They have 4
inputs for signal, and NIM inputs that allow a syn-
chronization with the neutron beam production. The
energy is computed from the detector signal using a
Jordanov trapezoidal shaping [9]]. The cards’ clock
are synchronized together. They are connected to a
computer via USB cable. The acquisition records in
list mode the energy of the detected gamma ray (or



fission fragment) and the time of the event. The time
difference between the accelerator pulse (7)) and the
detection gives, knowing the distance of flight, the
energy of the neutron that induced the reaction.

ITI. PRINCIPLE OF (N, XNY) MEASUREMENTS

A. Incident neutron energy from Time-of-Flight
measurement

The energy of the incident neutron is determined
by time of flight. The moment of production of the
neutrons is well known from the accelerator pulse of
electron on the production target. The distance from
the production target to the studied sample has been
determined with a precision of 0.001 m (0.03 %o).
The energy of the neutron is calculated with the
formula :

9 1
1_ (DoF/ToF)

E, = m,c

C

where m, is the mass of the neutron, c the speed
of light in vacuum, DoF' the distance of flight of
the neutron between the production target and the
sample in GRAPhEME and T'oF' is the time of flight
of the neutron.

B. Neutron flux determination

The incident neutron flux is determined with the
fission chamber located upstream from the sample
to study. The geometry, pressure and voltage bias
of the ionization chamber were optimized with
simulations and the efficiency was precisely cali-
brated at the Physikalisch-Technische Bundesanstalt
(PTB) [5]], [6]]. The incident neutron flux is extracted
from the number of detected fission events via the
ratio to the 23°U(n, f) cross section. The neutron flux
at GELINA is shown in Fig. [3

C. Gamma ray intensity

Data analysis produces typical 2D time-of-fligth
vs. I, plot like in Fig. @, in which one notices a con-
stant radioactivity background, and an intense peak
of events at very low time of flight. It corresponds
to the gamma flash, i.e. the detection of gamma
rays emitted at the neutron production target, and
traveling, at the speed of light along the beam path.
Only about 500 nanoseconds after the gamma flash
do the most energetic (fastest) neutrons arrive on
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Figure 3. Differential neutron flux measured with the GRAPhEME
setup at the 30 meters station on the GELINA flight path (FP16).

the sample and induce reactions. The ~y-ray energies
corresponding to specific transitions in the nuclei
produced in the reaction are clearly visible and can
be attributed to the reaction channels: (n, n’), (n, 2n),
and (n, 3n)
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Figure 4. Typical 2D plot of the recorded data with GRAPhEME
(here, example on a >3*Th target): E., vs. Time-of-Flight. The contri-
bution of the gamma flash and the constant radioactivity background
can easily be removed from the gamma line corresponding to neutron
induced reaction.

D. Differential cross section extraction

The differential cross section 492 (E,,~;6) for
a given gamma transition is computed from the
intensity of the gamma ray transition at a given
time of flight (i.e. at a given neutron energy) and

the neutron flux at this particular energy :

do
s

N,Y(En; 9) 0235()(n, f)(En)gFC
g(E'y) NtargetNFC

(Ena Y 9) =



where N, (E,;#) is the number of detected y rays
for the transition, ¢(E.,) the efficiency of detection
for this v ray, o2ssyq, £ (Ey) the fission induced cross
section of 23°U, egc the detection efficiency of the
fission chamber, Ny the number of isotope of
interest in the sample and Ngc the number of events
detected by the fission chamber.

E. Angle integration

Emitted gamma rays in the neutron induced reac-
tion have specific angular distribution according to
their multipolarity. Due to the anisotropic emission
it is necessary to correct the detection efficiency to
get the actual transition cross section. To do that, we
use the Gaussian quadrature method as described
in [10], [[11]. For transition of multipolarity smaller
than 3, two detectors are enough to account for the
angular emission anisotropy. The total cross section

is
do

do
otal = 4 — (6 —(0
Ototal 0 wldQ( 1)+w2dQ( 2)
where 0; = 149.4°, 6, = 109.9° and w; = 0.3749,
we = 0.6521. Even for extended sources and detec-
tors, this relation stays true.

F. Uncertainties

A great attention is given to sources of uncer-
tainty in order to reduce them as much as possible
and have a good knowledge of the precision of the
measurement.

The efficiency of the Germanium detectors must
be precisely determined. This is done with the use
of calibrated sources of °Eu placed at the sample
position. This data from punctual and extended
sources is used to carefully simulate the detectors
in MCNP [12]] and Geant4 [[13]. These simulations
are then used to compute the detection efficiency for
an extended source of the size of the beam spot on
the sample. The absorption of 7 rays in the target
material is also taken into account.

The fission chamber efficiency is determined with
precision (see above). The neutron energy precision
depends on the 10 ns sampling period of the acqui-
sition electronic. Thus, a precision down to 10 keV
can be achieved for a 1 MeV neutron, but the limit
of resolution for a 10 MeV neutron is 300 keV. Also,
the lower flux at high neutron energy increases the
statistical error above 10 MeV.

Finally, it is very important to know well the char-
acteristic of the sample. The absolute mass of iso-
tope of interest is obviously necessary to normalized
correctly the measured cross section. But, for the
calculation of auto absorption, a good knowledge
of the target thickness, contaminants and density is
also needed. Indeed, surface or deep oxidation will
change the density of matter and lead to more or less
absorption of gamma rays emitted from within the
target. The use of precise measurement, weighting,
polishing at the IRMM, and electron imagery at the
Institute for Transuranium Elements (ITU) is helpful
to that end.

To conclude, a precision of 5 % to 15 % on the
reaction cross section can be achieved, depending on
the gamma energy, neutron energy and cross section.

G. Studied systems and impact on theories

Many system have been studied with
GRAPhEME. Table [[] summarizes the isotopes,
year of measurement and the total acquisition time
for which experimental data is recorded.

Isotope | Year Total acq. time
U | 2010 61 days
28y | 2012 120 days
Z2Th | 2009 & 2013 | 16 days
MW | 2009 & 2014 | 24 days
182y | 2011 42 days
183w | 2012 60 days
184w | 2011 25 days
186w | 2010 15 days
"Zr | 2014 80 days
23U | 2014 - 2015 | 30 days

Table 1
SUMMARY OF ISOTOPES STUDIED WITH GRAPHEME.

With the U sample, for example, only 4 tran-
sitions (one for the (n, n’) channel, three for the
(n, 2n) channel) could be studied because of the
high radioactivity and neutron induced fission back-
ground. A better agreement between experimental
data and calculation has been found for phenomeno-
logical entrance channels models [14], [15], [16],
[S].

For the isotope 23¥U, 35 (n, n’y) transitions
were studied, with varying degrees of agreement
with calculations [13], [16]. The study of 23%U is
challenged by the difficulty to extract a cross section
for the transition from the first excited state to the
ground state, with an energy of 45 keV, that is
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Figure 5. Examples of results obtained with GRAPhEME for

235U. (Top) Experimental cross section for a + transition in 235U
in (n, n’) reaction, compared to theoretical predictions from TALYS
calculations. (Bottom) Same for a (n, 2n) reaction. From [14]].

strongly converted. The uncertainty on the sample
characteristics was also a limitation. The sample
238U absolute mass was given with a 20 % uncer-
tainty only by the provider. This is too much for
our precision goal. In fact, the effective density of
the sample was found to be 15 g/cm?, significantly
below the expected 19 g/cm?® of metallic uranium.
Important efforts were spent to get a more precise
measurement of the total mass of the isotope of
interest. First, the sample was weighted with a
0.1 mg precision (0.02 %0) at the IRMM target
preparation laboratory, after brushing the surface to
remove any oxides. Electron microscopy imagery
was performed at ITU and revealed a very un-
even surface, explaining the low density. Finally,
a measurement of the 23U content was performed
via v spectroscopy on the 1001.03 keV line in the
radioactivity decay chain of the nucleus. This last
method allowed a determination of the isotope total
mass with a precision better than 2 % [17].
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Figure 6. Example of some of the 223U(n, n’~y) transition cross
sections studied with GRAPhEME, compared to other experimental
results and theoretical models [[15]. In total, 35 (n, n’7y) cross sections
were obtained (see text).

The measured cross sections are compared to the-
oretical predictions, calculated with reaction codes,
like TALYS [18] or EMPIRE [19]. It is a good way
to point the weakness of the models. For example,
the impact of structure parameters on the predicted
cross sections has been identified. Indeed, the re-
action codes use level scheme information to be
able to calculated (n, xnvy) cross sections; however,
the structure database present large uncertainty on
branching ratio for some transitions in many nuclei,
including 2*®*U. The effect of these uncertainties has
been estimated to have an impact of up to 10 %



on cross sections. Moreover, the reaction codes
arbitrarily limit the number of discrete levels taken
into account in the calculation. This has an impact
on the shape of the cross section — see figure
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Figure 7. Example of a cross section for ?*3U (n, n’~) studied
with GRAPhEME using more and more discrete levels in TALYS-1.6
calculations [20].

The importance of the reaction mechanisms has
also been identified. Quasiparticle Random Phase
Approximation (QRPA) calculations in the entrance
channel by M. Dupuis (CEA/DAM) [21] tend to
produce spin distribution centered on lower values
than with the usual exciton model. The use of this
microscopic calculation can fix some important dis-
agreement between calculations and measurement
in some transitions — for example, see Fig. [§]

IV. SEGMENTED GERMANIUM

To cope with the high background from very
radioactive samples (like 2*3U, 23°Pu), a segmented
germanium detector was added to the setup, in
order to increase the granularity, and thus reduce
the sensitivity to the gamma flash and radioactivity.

The detector Ge crystal is 54 mm by 54 mm,
20 mm thick, segmented into 6 by 6 grid, with
squared pixels 6.66 mm wide. Each pixel has its
own pre-amplification stage. The crystal is enclosed
in an aluminum casing, step shaped to allow it
to get closer to the beam — see photography of
Fig. 0| The detector was built by CANBERRA.
It has been characterized precisely using calibrated
source, and simulated within a GEANT4 simulated
geometry — see Fig. [9] bottom. The simulations and
test measurements agree within 5 % as of today
— see Fig. At low 7 energy (X 100 keV),
some discrepancies remain (Fig. [I0] top) due to
the incomplete inclusion of all materials present
in the detector nose which is not known precisely
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Figure 8. QRPA calculations by M. Dupuis. (Top) Spin distribution
of states populated in the entrance channel calculated by the QRPA
approached, compared to the exciton model. (Bottom) Results of
(n, n’y) calculations for the 210 keV transition in the g.s. band of
238U, calculated using the exciton model (black, dashed) or with the
QRPA approach (red continuous), compared to experimental values
[21].

either in dimension, location or composition (Teflon,
electronic component, ...). Special consideration is
to be given to electric cross talk between pixels
(mirror charges), as well as scattering of gamma
rays from one pixel to the other. Simulations suggest
that 20 % of single gamma hitting the detector are
leading to a multiplicity of hit pixels of 2 or more.
Most (50 %) of the scattered gamma are detected
in the closest neighboring pixels, but the scattering
is observed with distances up to the size of the Ge
crystal— see Fig. A specific processing is being
developed to take those particulars case, specific to
segmentation, into account in the data analysis. It
is important, for example to ensure that measured
energy in a pixel is not perturbed by mirror charges
from neighboring pixels.



Figure 9.

(Top) Photography of the segmented Ge detector on it
test bench. (Bottom) Simulated geometry on Geant4 of the Segmented
germanium detector.

The Segmented germanium detector was added
into the GRAPhEME setup in autumn 2014 and
used to start taking data on 233U. It already demon-
strated its helpfulness in coping with the high ra-
dioactivity background from this isotope.

V. PERSPECTIVES
A. Conversion electron spectroscopy

For highly converted transition in actinides (such
as the decay of the 2] state to the g.s. in 23U, with
an energy F., = 45 keV), the prompt gamma-ray
method 1is difficult to apply, as only a few gamma
rays can be detected, even for intense transitions
in the level scheme. Therefore, we are studying
the possibility to perform conversion electron spec-
troscopy. This method implies new challenges, such
as using a very thin target (to allow the escape of
electrons) and working under vacuum, with a well
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Figure 10. (Top) Gamma energy spectrum for a ‘5?Eu, measured
with the segmented ge detector (blue) compared to the Geant4
simulation (normalized to the number of counts at high energy). The
difference in shape at low energy comes from electronic sources, not
simulated by Geant4. (Bottom) Comparison of simulated (red line)
and measured (black crosses) absolute efficiency of pixels at 122 keV.
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simulated in Geant4 for which a multiplicity of pixel larger than one
got hit. 50 % of the events are scattered to the most neighboring
pixel; but the scattering distance can be up to 3 or 4 pixels away.

controlled magnetic field to guide the electrons to a
detector.

Geant4 simulations were done to asses the po-
tential of such a system (Fig. [I2) and showed
that a 2 % absolute efficiency can be obtained for
electrons, leading to an improvement factor around
10 to 20 times better than with v rays detected
with GRAPhEME. Following these simulations, a
test setup will be built in collaboration with IFIN-
HH and IRMM in the framework of the CHANDA

project [22].



Figure 12. Simulated geometry of the conversion electron detection
system in project. The red lines visualize the trajectory of some
electrons emitted from the target.

B. 233U and very radioactive isotopes study

In the coming years, the recently upgraded
GRAPhEME setup will be used to study 23*U and
239Pu, A 8.3 g sample of #*3U, in the form of a
30 mm diameter disk, 0.64 mm thick encased in
a special made support, was placed in the setup
between November 2014 and February 2015. After
a total of about 700 hours of neutron beam, some
(n, n’) transitions already appear in the recorded
gamma spectra. Following this study of 2*3U, de-
velopments are in progress in collaboration with the
IRMM, and ITU to produce a *°Pu target that will
be studied in the future.
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Figure 13. Preliminary spectra from 23*U data study with
GRAPhEME. The radioactivity window (red) does not show two
peaks at 311.9 keV and 351 keV that appear in the (n, n’) window.

CONCLUSION

The GRAPhEME setup is dedicated to the study
of (n, xnv) reactions in actinides. It has been used
to measure cross sections in isotopes of U, Th, W

and Zr. The comparison of experimental data to
theoretical predictions provides insights on models
weaknesses.

A recent upgrade, including the addition of a seg-
mented germanium detector, has been made to the
setup. This will allow the study of very radioactive
isotopes like 233U and 23°Pu.

In addition, for the study of strongly converted
transitions, a system of conversion electron spec-
troscopy is currently understudy.
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