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Abstract 

The (n,n) and (n,2n) are important processes in the energy domain of fission 
neutrons, but the cross-sections suffer from large uncertainties, not compatible 
with the objectives fixed for future and advanced nuclear reactors. This paper 
presents our experimental effort to improve 235U and 238U (n,xn) cross-section data. 
The experiments were performed at the GELINA facility (Belgium), which provides 
a pulsed (800 Hz) neutron beam covering a wide energy spectrum (from a few eV to 
about 20 MeV). The GRAPhEME set-up is designed for prompt gamma spectroscopy 
and time-of-flight measurement. The analysis methods are presented. Already 
published results on 235U are shown, as well as results on 238U. The interpretation 
and discussion rely on the comparison with TALYS and EMPIRE predictions. 

Introduction 

In the present context of studies for future and advanced systems, (n,xn) reactions 
are very important. Figure 1 is a plot of the cross-sections of several neutron-induced 
reactions on 238U, as evaluated by ENDF/B-VII as a function of neutron incident energy.  
It shows that (n,n) and (n,2n) reactions dominate fission over a broad energy range, from 
45 keV up to 14 MeV. The importance of such processes makes their precise quantification 
a must for applications, and justifies afferent entries in the OECD/NEA High-Priority 
Request List (OECD/NEA, n.d.). 

Few experimental measurements of the total inelastic cross-section exist, and they 
cover a limited range of incident neutron energy (below 1 MeV, and at 14 and 14.2 MeV). 
This situation offers few constraints for the evaluations, so that they disagree among 
themselves up to 20%, especially in the region of the maximum, between 1 and 5 MeV 
(see Figure 2). 

This is obviously a problem in view of modern constraints on the design of nuclear 
reactors. The corresponding entry in the HPRL recommends a much better precision on 
this total inelastic cross-section, from about 4-20%, depending on the system. 

Bernard, et al. (2013) at CEA Cadarache surveyed the impact of the evaluated inelastic 
cross-sections (as given in JEFF-3.1.1) on contemporary systems and/or benchmarks. They 
performed Monte Carlo simulations with the code TRIPOLI-4 to investigate the offset 
between calculated and experimental reactor features such as criticality keff, the delayed  
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Figure 1: Evaluated n-induced cross-sections on 238U 

 

Figure 2: Experimental data and evaluations of the 238U(n,n) cross-section 

 

neutron ratio eff, and the radial power profile. As an example, the offset on the latter can 
be as large as several per cent for large reactor cores (PWR-N4). This confirms that the 
total cross-section is poorly known. These studies also showed that partial cross-sections 
(n,n) should be measured and their uncertainties reduced, especially between 1 and 
5 MeV incident neutron energy, for they contribute to a great extent to this situation. 

In addition, (n,xn) cross-section measurements provide exclusive information on 
nuclear structure, and, as we will see in the “results” section, possibly selective knowledge 
on certain reaction mechanisms. They could therefore impose strong constraints on 
theoretical models. 

Experimental set-up GRAPhEME and methods 

The experiments were performed at JRC-IRMM, using a 30 metre flight-path of the 
GELINA facility. The “white” neutron beam was pulsed at 800 Hz. The energy spectrum of 
neutrons reaching our set-up typically ranged from a few keV (after some filtration to cut 
off low-energy neutrons) up to above 20 MeV. The flux was monitored as a function of 
time using a fission chamber (FC), based on a 235UF4 deposit inside an ionisation chamber. 
The incident neutron energy was determined through the time-of-flight method. 
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A set of four planar high-purity germanium (HPGe) detectors was surrounding the 
target sample (typically a metallic disc about 200 m thick and 5-10 cm in diameter, held 
between aluminium foils). All detectors (HPGe and FC) were connected to a digital data 
acquisition system TNT-2, so that time-of-flight and energy information was coded at the 
rate of 100 MHz. The HPGe were set by pairs at angles of 110 and 150 corresponding to 
zeroes of Legendre polynomial P4, so that the Gauss quadrature could be applied to obtain 
the angle-integrated cross-section (Brune, 2002). 

The comparison of the gamma energy spectrum before the arrival of neutrons and 
the one in the presence of neutrons allows for the identification of reaction rays. The 
number of counts was extracted using standard analysis tools (background fit and 
subtraction, integration or fit of the peak, using ROOT or gf3 software depending on the 
complexity of the peak’s shape). 

Given the objectives of precision, we carefully determined uncertainty sources. The 
main contributions to uncertainty were the number of detected photons and the number 
of incident neutrons. Depending on the transition and the domain of incident neutron 
energy, these uncertainties sit between 1 and 20%. The efficiencies of the HPGe detectors 
were determined with calibrated source measurements and simulations (GEANT4 and 
MCNPX). The neutron losses between the fission chamber and the germaniums were 
quantified by MCNPX simulations. The neutron-induced fission cross-sections for the 
flux measurement were inherited from ENDF/B-VII.1; the uncertainties in this energy 
range are of the order or below 1%. The deposit inside the fission chamber is very well 
known, bringing the uncertainty on the number of nuclei of 235U in the FC below 0.5%. The 
efficiency of the FC was precisely measured using in-beam calibration at PTB Braunschweig. 
For the experiments performed on uranium isotopes, the samples of highly enriched 235U 
and of natural uranium were characterised very precisely by the target laboratory at 
IRMM (see Table 1 for details). 

Table 1: Uranium samples properties 

Isotope Purity (at.%) Mass (g) Diameter (cm) Thickness (mm) 

235U 93.20(3) 37.43(1) 12.004(4) 0.211(6) 

238U 99.17(1) 10.6175(1) 7.016(3) 0.181(6) 

 

Several challenges came up during data acquisition and analysis, but remedies could 
be administrated when needed. The treatment of weakly observed gamma transitions 
(due to low cross-section, limited detection efficiency or high internal conversion 
coefficient) required high statistics accumulation. At the rate of 800 Hz, we gathered in 
both experiments over 1 200 hours of effective beam time, with data acquisition spreading 
over several months. This magnified some instabilities in the electronic chain of the 
HPGe, so that a continuous gain correction was eventually needed to take the best part of 
our detectors. Another type of deviation has been seen on the time-of-flight determination 
for low-amplitude signals in the germanium counters. This problem consisted of a 
gamma-energy dependent time shift towards larger ToF, i.e. lower incident neutron 
energies. This was suspected to affect transitions below 200 keV. A large amount of data 
was acquired with dedicated settings to address this problem; the shift was precisely 
measured. It resulted in a time correction only for the two lowest gamma transitions, 
namely the 45 keV (2+ to 0+) and 103 keV (4+ to 2+). Another point is the effective density 
of the target materials. As can be inferred from the figures in Table 1, neither of the 
samples used in our experiments reached the nominal density of metallic uranium. This 
was taken as a proof of oxidation. MCNPX simulations have been performed using 
different choices of oxide (UO2, U3O8 or a combination of both) layers on the surface of the 
samples, to investigate the different gamma self-absorption compared to pure metallic 
samples with their apparent density. The subsequent uncertainty contribution was 
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quantified and included in published data on 235U (Kerveno, et al., 2013). Re-characterisation 
of the natural uranium target has recently been pursued, using transmission as well as 
dimensions measurements before and after surface polishing. 

Results 

The case of 235U 

The sample of 235U-enriched metallic uranium has been precisely characterised by the 
target laboratory of JRC-IRMM. The purity, mass and dimensions are reported in Table 1. 
Data were accumulated over an integrated effective beam time of 1 400 hours (this 
duration is obtained multiplying the stored number of beam pulses by the frequency of 
said pulses). The main difficulty in the analysis of 235U rises from both the intrinsic 
radioactivity of the sample and gamma transitions in the fission products produced by 
the (n,f) process. Some of these rays occur at the same photon energy than inelastic or 
(n,2n) reaction rays, yielding in a superimposition of several peaks in the gamma-energy 
spectrum. The deconvolution of the different contributions was not always possible. 

As is detailed in Kerveno, et al. (2013), the cross-section for one (n,ng) could be 
produced, corresponding to the 5/2+ to 7/2- (g.s.) transition in 235U. The analysis of (n,2ng) 
transitions in the residual nucleus 234U proved to be more accessible, and three 
cross-sections could be extracted, namely the 6+ to 4+ (152.7 keV), the 8+ to 6+ (200.9 keV) 
and the 10+ to 8+ (244.2 keV). 

The comparison with other data sets – Younes, et al. (2000) in (n,n) and Younes, et al. 
(2000) and Hutcheson (2008) in (n,2n) – works rather well (see Figure 3). The same cannot 
be said about theoretical calculations performed by Romain (CEA Bruyères-le-Châtel) 
using different optical models and inputs in the TALYS code (Koning, Hilaire and 
Duijvestijn, 2008). Difficulties in reproducing the data have risen. The maximum of the 
cross-section for the (n,ng) is correctly described, but some mechanisms seem missing or 
underestimated, yielding to a cross-section shape (as a function of incident neutron 
energy) rather different from data points. The theoretical predictions are in better shape 
for (n,2ng) cross-sections, but their magnitude seems systematically overestimated, and 
more so when increasing the energy (and spin) of the parent level in the ground state 
band. Among the three tested approaches, the phenomenological one gives the best 
results for now (Kerveno, et al., 2013). 

Figure 3: One 235U(n,ng) and one 235U(n,2ng) cross-section 
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The case of 238U 

The sample of metallic natural uranium had a chemical purity of 99.9% and the 
natural isotopic composition (99.27% of 238U), leading to an effective atomic composition 
of 99.17%, as given in Table 1. Data were accumulated over an integrated effective beam 
time of 1 211 hours. The sample being much less radioactive, and 238U being much less 
subject to neutron-induced fission than 235U in the neutron energy range considered in 
this work, many transitions could be analysed. Four (n,3ng), three (n,2ng) and 36 (n,ng) 
cross-sections have been obtained as a function of incident neutron energy. The complete 
list is given in Figure 4. Some typical examples are given in the following (Figure 5). It is to 
be noted that the present cross-sections reflect the observation of gamma de-excitation, 
and are free of any corrections to account for internal conversion. Other experimental 
data were back-corrected for comparison using Hager-Seltzer conversion coefficients 
(HSICC), the only available values at the time the former data sets were published. 

Figure 4: List of analysed gamma transitions with the 238U sample 
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Figure 5: Selection of measured 238U(n,ng) cross-sections compared  
to other experimental data, TALYS and EMPIRE code predictions 

 

As can be seen from Figure 5, the data sets [present work and Fotiades, et al. (2004), 
Hutcheson, et al. (2009), Voss, et al. (1976) and Olsen, et al., (1979)] agree rather well 
between themselves on most transitions, at least compared to the discrepancies that 
have been met with theoretical calculations performed with nuclear reaction codes 
[Romain with TALYS (Koning, Hilaire and Duijvestijn, 2008) and Sin (IFIN-HH, Bucharest) 
with EMPIRE (Herman, et al., 2007)]. No general trend may be drawn from Figure 5. On 
some cases, models agree within a few per cent with data. This is the case for example 
with the 687 keV (3- to 2+ transition) beyond 3 MeV of incident neutron energy. On some 
transitions, the shape is better reproduced by EMPIRE (second rise of the cross-section 
after a first maximum, itself generally overestimated by models). The situation is 
problematic for the de-excitation of the first level (2+) by a gamma of 45 keV. Predictions 
overshoot the present data by a factor three. The experimental observation of this 
transition by photon detection is demanding and definitive conclusions on the results 
may not yet be formed. Meanwhile, the 211 keV transition between 8+ and 6+ levels of 
the main band, more experimentally accessible, suffers from overestimation by roughly a 
factor of two, depending on the code. This serves as an argument to underline the 
possible refinements missing in the present versions of the model calculations. The 
authors bear in mind that such models are constantly evolving. Recent inclusion of a 
QRPA model (Dupuis, et al., 2012) instead of the excitons model (by default) in the TALYS 
code has been implemented by Dupuis (CEA Bruyères-le-Châtel). Available results on the 
211 keV (8+ to 6+) as well as the 257 keV (10+ to 8+) transitions are presented in Figure 6. 
Although this constitutes preliminary work, the trend seems to be towards a reduction of 
predicted cross-sections at high spin (at least in the main band), which favours a better 
reproduction of available data, including the present work. 

Conclusion and outlook 

The analysis of 235U data and their comparison with TALYS calculations revealed that 
a model can reproduce total fission, (n,n) and (n,2n) cross-sections to a reasonable extent 
(in the limit of available data), as is the case for the phenomenological approach, and yet 
display serious difficulties in reproducing partial cross-sections. Shapes are inherited 
from various mechanisms, which set at different incident neutron energies; our data may 
carry specific information on the processes at play in these reactions. In this view, our  
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Figure 6: Experimental data and TALYS predictions for two  
gamma transitions in 238U: default excitons vs. QRPA model 

 

large and coherent data set on 238U constitutes a precious library of cases, stimulating 
further interaction with theoreticians. First progress may arise from (re)measurements of 
branching ratios, as was proposed by our collaboration in the frame of the CHANDA 
project. Theoretical efforts feature the description of collective effects, adopted level 
densities, populated spin distributions, etc. 

Such discussions may profit from new data of similar richness currently under 
analysis, on each natural isotope of tungsten (182, 183, 184 and 186), as well as on 232Th. 
Further measurements are planned on 233U for the (n,2n) cross-section determination, of 
importance for radioprotection in future Th/U systems. 
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