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___________________________________________________________________________ 

Abstract In this work, the measurement of the 236U(n,f) cross-section is presented, in the 
energy range 4 – 10 MeV, with the use of quasi-monoenergetic neutron beams produced via the 
2H(d,n)3He reaction. The measurements took place at the neutron beam facility of the National 
Centre for Scientific Research ‘Demokritos’. The detection of the fission fragments was 
achieved with Micromegas detectors placed in a fission chamber, containing both the 236U 
targets and the reference samples, namely 238U and 235U. The analysis of the experimental data, 
as well as the first results will be presented. 
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INTRODUCTION 

The accurate determination of the neutron induced fission cross-section of actinides is of 
great importance for the design of New Generation Nuclear Reactors IV and Accelerator 
Driven Systems (ADS). Specifically, 236U is produced as a by-product of the 235U(n,γ) 
reaction on the 232Th/233U fuel cycle, requiring the knowledge of the corresponding fission 
cross-section with high accuracy. However, in the energy range between 4 and 10 MeV, the 
existing experimental datasets [1-5] present discrepancies among them, leading to 
discrepancies among the latest evaluated libraries [6-8] of up to 8 % (Fig. 1). Therefore, new 
measurements are necessary for the improvement of the evaluations.  

In this scope, the 236U(n,f) cross-section was measured at the neutron beam facility of the 
National Centre for Scientific Research “Demokritos” in the energy range 4 - 10 MeV, using 
Micromegas detectors based on the Microbulk technology. 
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Fig. 1. Available datasets in the energy region 4–10 MeV along with major evaluated libraries 
 
EXPERIMENTAL DETAILS 
 

The experiment was performed at the 5.5 MV Tandem Van de Graaf accelerator of the 
National Centre for Scientific Research “Demokritos”. The quasi-monoenergetic neutron 
beams were produced via the 2H(d,n)3He reaction (Q-value = 3.269 MeV), by bombarding a 
deuterium gas target with deuteron beams in the energy range 2 to 7 MeV, while the 
deuterium pressure was kept nearly constant at 1300 mbar. For each deuteron beam, data 
were acquired both with and without the deuterium gas in the gas cell, in order to estimate the 
contribution of parasitic reactions of the deuterons in the beam line and the gas cell materials. 

Two 236U targets, two 238U targets and one 235U target were placed inside an aluminium 
chamber filled with a mixture of 80% Ar and 20% CO2 kept at atmospheric pressure. For the 
detection of the fission fragments each target was coupled with a Micromegas detector, as 
shown in Fig. 2. A typical spectrum from 236U is shown in Fig. 3. 

 

 
Fig. 2. Schematic view of the Micromegas detectors (black) and targets (grey) assembly 



 
Fig. 3. Experimental spectrum from 236U(n,f) reaction at En =10 MeV 

 
 
ANALYSIS 
 
Amplitude Threshold 
 
     As seen in Fig. 3 alpha particles, originating from the radioactivity of the actinide targets, 
are present at the low amplitude region of the experimental spectra (below channel ~100). As 
a result, an amplitude threshold is estimated for each target from the beam off spectra, in 
order to accurately discriminate the fission fragments from the alpha particles. In addition, 
fission fragments with energy deposition comparable to the energy deposition of the alpha 
particles are lost under the alpha peak. To recover these lost fission fragments, simulations 
were carried out with the FLUKA [9] code, using for the mass and kinetic energy of each 
fragment the distributions generated by the GEF code [10]. 
 
Parasitic Neutrons 
 

For the calculation of the 236U(n,f) cross-section special attention was given to the 
estimation of the parasitic neutron induced fission reactions in the targets. Specifically, 
parasitic neutrons are produced from deuteron-induced reactions with the beam line and the 
structural materials of the gas cell, generating additional parasitic fission fragment counts in 
the experimental spectra, which need to be subtracted. For each neutron energy, the 
contribution of this parasitic fission fragment counts, was estimated from experimental 
spectra with the deuteron gas absent from the gas cell, and subtracted from the total fission 
fragment counts, after normalizing to the same incident deuteron beam charge. As a result, 
the clean fission fragment counts C(E) were estimated for each energy, after correcting for 



the parasitic fission fragment counts and for the lost fission fragments below the amplitude 
threshold. 

The contribution from the deuteron break-up reaction, for deuteron energies greater than 
4.45 MeV, as well as the neutron scattering in the fission chamber was estimated via Monte 
Carlo simulations with the MCNP5 code [11], coupled with the NeuSDesc code [12]. 
However, these simulations underestimate the final source of parasitic neutrons, the neutron 
scattering in the materials of the experimental area. These low energy neutrons were 
estimated by applying a low energy neutron flux in order to match the experimental reaction 
rate of 235U(n,f) with the reaction rate calculated from the MCNP simulations and the 
reference cross-section of the 235U(n,f) reaction, as explained below. 

In more detail, the NeuSDesc code coupled with SRIM-2008 [13] provides a neutron 
source file for MCNP5, taking into account the energy loss as well as the energy and lateral 
straggling of the deuteron beam in the gas cell materials, the 2H(d,n)3He differential cross-
section and kinematics along with the deuteron break-up in the gas cell. As a result, the 
neutron energy spectrum and the neutron fluence at the position of each target was estimated 
from the MCNP5 simulations for each neutron beam energy. The theoretical neutron fluence 
was used to estimate the theoretical reaction rate for the 238U targets, normalized to the mass 
of each target. At this point, a statistical correction factor (fSTAT) was introduced to normalize 
the theoretical reaction rate to the experimental reaction rate, obtained from the experimental 
results. This correction factor, is expected to be the same for all targets, since it is simply a 
correction factor to match the MCNP5 fluence simulations to the statistics of the experiment, 
while the relative variations of the flux due to the different distance of the targets from the 
gas cell are taken into account by the simulations. Still, the theoretical reaction rate of 
235U(n,f), normalized to the statistics of the experiment for each energy, is underestimated 
compared to the experimental reaction rate, by a factor varying from 20% to 50%, for 
different energies. As mentioned above, the MCNP5 simulations underestimate the neutrons 
scattering in the experimental area, due to the fact that in the simulations the geometry of the 
whole experimental area was not taken into account, in order to reduce the simulation time. 
As a result, the small low energy neutron tail from the scattering in the experimental area was 
not existent in the simulations. While, the absence of these low energy neutrons does not 
affect the 238U theoretical reaction rate calculations, due to its low cross-section for neutron 
energies below the fission threshold, it greatly affects the theoretical calculation of the 235U 
theoretical reaction rate. So, a low energy neutron tail, as seen in Fig. 4, is introduced in order 
to match the 235U theoretical reaction rate to the experimental one. This low energy neutron 
flux is used to correct the MCNP5 flux simulations for all targets, after checking that it does 
not affect the previously calculated theoretical reaction rate for both 238U targets. 



 
Fig. 4. MCNP5 flux results and the low energy neutron flux used for the estimation of the parasitic 
neutrons at 7.5 MeV energy of the main neutron beam 
 

The flux Φ(E) from the MCNP5 simulations, after being corrected for the low energy 
parasitic tail which was absent in the initial simulations, was used to correct for the parasitic 
counts coming from the deuteron break-up (for Ed > 4.45) and from scattering in the 
aluminium chamber. Specifically, at each neutron energy the parasitic counts (Cpara(E)) for 
each target, were calculated from the integrated reaction rate which corresponds to the 
energies of the parasitic neutrons (Epara), normalized to the mass of each target (N) and to the 
statistics of the experiment (fSTAT), via the following expression 

./010(2) =
∑ 5(2) ∙ 7(2)89:;:
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where σ is the reference cross-section of the target. 
 
Cross Section  
 

The calculation of the 236U(n,f) cross section was achieved via the following expression 

7(2) = .(2) − ./010(2)
.1DE(2) − ./0101DE 	<

1DE

< 	5
1DE(2)
5(F) 	71DE(2) 

where 
- C are the clean fission fragment counts 
- Cpara are the parasitic counts, estimated via the MCNP5 simulations 
- N is the mass of each target, estimated via alpha spectroscopy [14] 
- Φ is the flux which corresponds to the main neutron energy peak, estimated via the 

MCNP5 simulations 
- σref  is the cross-section of the 238U(n,f) reference reaction 



RESULTS AND DISCUSSION 
 

The preliminary cross-section points with their statistical errors are presented in Fig. 5, 
along with the previous experimental datasets [1-5] and the latest evaluated libraries [6-8]. 
The present data are in agreement within errors with the latest data available in EXFOR [1]. 
In addition, comparing with the latest evaluated libraries, the data are below the evaluations 
at lower energies and are in agreement with the ENDF/B-VIII.0 [6] and JENDL-4.0 [8] 
evaluations for the high energy region. 
 

 
Fig. 5. Results of the 236U(n,f) measurement. 

 
CONCLUSIONS 

 
In this work, the 236U(n,f) cross section was measured in the energy range between 4 – 10 

MeV, with neutron beams produced via the 2H(d,n)3He reaction. Special attention was given 
to the correction of the parasitic neutrons produced from interactions of deuterons with the 
materials of the beam line and the gas cell, the deuteron break-up as well as the neutron 
scattering with materials of the experimental setup and the experimental area. With the 
methodology described above it was made possible, for the first time, to estimate the low 
energy neutron flux, present in the experimental area and underestimated by the Monte Carlo 
simulations, using the 235U(n,f) reference cross-section. 

The first cross-section points have been estimated, while the Monte Carlo simulations for 
the rest of the data is still ongoing. So far, only the statistical errors have been estimated, 
while for the final cross-section results the systematic error analysis is still in progress. 
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