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‘Department of Physics, University of loannina, 45110 Ioannina, Greece

Abstract In the present work, the cross section of the *>Th(n,f) reaction has been measured relative
to the »8U(n,f) reference reaction, at high neutron beam energies, with the use of the SH(d,n) neutron
production reaction. The experiment was performed at the 5.5 MV Tandem accelerator laboratory of
N.C.S.R. “Demokritos”, using a Micromegas detector assembly. A variety of parasitic reactions take place
during the neutron production, affecting the cross section measurements of the *’Th(n,f) reaction, due to
its relatively low energy threshold. Thus emerges the need for a thorough characterization of the neutron
flux impinging on the targets. The combined use of the NeuSDesc and MCNP5 Monte Carlo codes was
implemented, for the reproduction of the neutron yield from the *H(d,n) reaction, taking into concideration
competing nuclear reactions (e.g. deuteron break up) along with neutron elastic and inelastic scattering
with materials of the beam line, detector housing and experimental hall. Additional Monte-Carlo
simulations were also performed coupling both GEF and FLUKA codes for the precise determination of
the detector efficiency and the contribution of the a-activity of the actinide samples in the fission fragment
spectrum.
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INTRODUCTION

The accurate knowledge of neutron induced fission cross section of actinides, such as ***Th, is of major
importance when it comes to the optimization of the design of new generation nuclear reactors
Generation-1V reactors and Accelerator Driven Systems (ADS) [1,2]). These reactors are proposed to
use as fuel, what was considered to be nuclear waste in the past, utilizing fast neutron fission reactions.
As an alternative option for nuclear fuel, the Th/U cycle is considered as a possible replacement of the
conventional U/Pu fuel cycle in advanced nuclear reactors, with many advantages. The most important
is that ADS systems produce the fissile actinides ***U or **’Pu from natural Th (**Th 100%) and U
(**®U 99.3%) that are abundant in nature. The Th/U fuel cycle is also important in reducing the amount
of high level transuranic waste and is inherently proliferation resistant, since the isotopes involved are
not utilized for weapons production. Feasibility and sensitivity studies for the design of this new
generation of nuclear reactors, which are planned to make sustainable use of fuel resources and to
minimize nuclear waste, require the knowledge of accurate and consistent cross sections of all the
involved reactions. However, severe discrepancies exist in the evaluations and the cross section data in
literature, thus, new accurate data are required in order to reduce the uncertainties in the design of the
proposed systems. The available datasets for the 2**Th(n,f) case are either few (at intermediate neutron
energies), or discrepant (with differences reaching 27% for high neutron energies), consequently
leading to problematic evaluations. In this scope, the aim of the present work was the measurement of
the Z*Th(n,f) cross section at 14.8, 16.5 and 17.8 MeV neutron energies.
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EXPERIMENTAL DETAILS

Neutron facility and detection system

The experiment was performed at the 5.5 MV Tandem Van de Graaff Accelerator, at N.C.S.R.
“Demokritos”. The neutron beams were produced at high energies, 14.8, 16.5 and 17.8 MeV, by means
of the *H(d, n)*He reaction. The 0.2-0.5 pA deuterium beam impinged on a solid Ti-tritiated target of
373 GBq activity consisted of a 2.1 mg/cm® Ti-T layer (25.4 mm in diameter) on a 1mm thick Cu
backing (28.5 mm in diameter). A 10 um molybdenum foil (entrance foil) was placed in front of the Ti-
tritiated target. The reason for this is that the initial acceleration of deuterons at slightly higher energies
than the desired ones (as measured in the middle of the Ti-T solid target), ensures a higher intensity of
the deuteron beam, leading to a larger neutron production, which in turn results in better counting
statistics in the recorded fission yield spectra, at the expense of course of a slight increase in the energy
straggling.

The actinide samples were placed along with the Micromegas detectors [3], in a cylindrical
aluminum chamber, filled with a circulating Ar:CO, (80:20) gas mixture at atmospheric pressure. In
Fig. 1, both of the aforementioned neutron producing target and target-detector assembly, are presented.

Figure 1. The neutron producing target (left) and the target—deterctor assembly (right)

Actinide samples

The actinide samples used in the present experiment, were thin disks of ~5.2 cm in diameter
deposited on a 100 um Al backing produced via the painting technique at the IPPE (Obninsk) and JINR
(Dubna). Apart from the ***Th actinide sample, a ***U sample was used as reference target and a ***U
sample as a sensitive detector for the low energy parasitic neutrons due to its high fission cross section
in the low energy region. During the iradiations, Al masks (0.6 mm in thickness, 5.0 cm in diameter)
were placed in front of the targets to achieve the desired angular acceptance of the neutron beam with
respect to its axis, in order to minimize the energy uncertainty during the irradiations, while ensuring
adequate statistics.

The accurate determination of the number of nuclei in all samples involved in a cross section
measurement is of crucial importance. This determination was made possible via a-spectroscopy
measurements, using a Silicon Surface Barrier (SSB) detector at the Nuclear Physics Laboratory of the
National Technical University of Athens. The silicon detector (6.2 cm in diameter and 60pum in
thickness) was placed in a vacuum (~10™ atm) chamber, at a distance of 0.1 cm from each actinide
sample. The estimation of the solid angle between the detector and the sample, which is the main source
of a systematic uncertainty in the final results, was carried out via the SACALC [4] Monte Carlo code.
A typical spectrum of the *Th sample is shown in Fig. 2. The determination of the number of nuclei
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in the sample was derived with the use of the expression:
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N=(C, —-—=
20 In2

224Ra
500 B

400 H

300

Counts

200

100

T T T T T T
2000 4000 6000 8000
Energy (keV)

Figure 2. 4 typical spectrum of the a-activity of the >Th sample. Along with the peak produced by the a-decay
of >?Th, some other peaks also appear in the spectrum, corresponding to different isotopes attributed to the decay
chain of *°Th.

Where:

e N is the calculated number of nuclei of the isotope in question (in this case **Th);

e (, are the a-particles, measured by the silicon detector, per second;

e () is the solid angle between the actinide target and the silicon detector;

® ty/ is the half life of the actinide target in seconds.
All the actinide samples **Th, ***U and *°U, used in the present work, have been characterized with
this method for the accurate determination of their contents.

MONTE CARLO SIMULATIONS

The simulation of the produced neutron spectra was accomplished via the combined use of
NeuSDesc [5] and MCNPS [6] Monte Carlo codes. Given the necessary input (such as the type of
reaction, ion energy, entrance foil thickness etc.), the NeuSDesc code produces as output a detailed
description of the neutron beam from the D-T reaction. The energy loss of the deuteron beam in the Mo
foils is taken into account via SRIM (Stopping and Range of lons in Matter) [7] calculations. This
output can be used as an input source (sdef card) in the more detailed MCNPS5 simulations, which
include all the detailed geometry of the flange with the Ti-T target and the chamber with the target-
detector assembly. The results of these simulations at 14.8, 16.5 and 17.8 MeV, are given in Fig. 3.

Auxiliary Monte Carlo simulations were also performed with the combined use of GEF and
FLUKA codes, for the accurate determination of the detector efficiencies and were found to be 99.99%
of the emmited fission fragments.
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Figure 3. Unormalized neutron flux for the three different irradiations at high neutron energies, as obtained by
the NeuSDesc and MCNPS5 codes. Apart from the main energy peak in each nominal neutron energy, a low energy
parasitic tail also appears, mainly because of the neutron scattering.

DATA ANALYSIS

The cross section for the Z*Th(n,f) reaction is given by the expression:
(Y ' famp ' fabs ' fDT ' fscat ' fline)232Th N238U <P238U

Th — ’ ’
(Y ' famp ' fabs ' fDT ' fscat ' fline)238U N232Th ¢232Th

0232 - 0-238U

where

e Y is the fission yield recorded by the Micromegas detectors and corrected for: the amplitude
threshold introduced in the analysis (fgmp ), the self absorbtion of the a-particles in the
actinide sample (f5s), the dead time (fpr), and the contribution from low energy parasitic
neutrons in the fission yield, stemming from respective parasitic reactions such as neutron
scattering (fscq¢) and (d, n) reactions within the beam line (fjie);

e N is the number of nuclei in the actinide samples;

e @ is the neutron fluence on each sample, expressed in neutrons/cm?, corresponding to the
main energy peak;

e 0233 Is the cross section of the reference target obtained from evaluation libraries.

Fission yield and corrections

In Fig. 4 a typical fission spectrum obtained by a Micromegas detector for the ***U case is
presented. The a-particles from the a-activity of the actinide sample are of lower energy, thus they are
recorded on the left hand side of the spectrum, while the opposite happens for the much more energetic
fission fragments. An amplitude threshold must then be introduced in the analysis, to separate the two
areas. Some fission fragments though, emmited at large angles, deposit a comparable amount of energy
to the one of a-particles, thus mixing with the a-backround. The estimation of the percentage of fission
fragments “lost” under the a-backround (fgmp), was made possible via the coupled use of the GEF and
FLUKA codes. It is noted that the same simulation was used for the estimation of the self absorbtion of
fission fragments in the actinide sample (f,s)-
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Figure 4. A typical fission spectrum obtained by the Micromegas detector for the U case at 16.5 MeV incident
neutron energy. The red dotted line represents the amplitude threshold introduced in the analysis, separating the
a-backround from the fission fragments.

The dead time correction in the fission spectrum is simply given by the expression:
_ Live time
PT ™ Real time
where live and real time refer to the respective times of the recorded spectrum.

The estimation of the contribution of the scattered parasitic neutrons is made possible via the
combined use of NeuSDesc and MCNP5 Monte Carlo codes, the output of which is presented in Fig.
3. Given this simulated neutron fluence and the evaluated cross section of the **U reference target, the
reaction rate can be calculated by multiplying the fission cross section with the simulated neutron
fluence, following the methodology described in detail in [8] . The ratio of the integrated reaction rate
corresponding to the main neutron beam to the total integrated reaction rate, provides the contribution

fscar of the scattered parasitic neutrons to the recorded fission yield.

fecat = (X (E) - @), 0in peam
seat ™ Y o(E) - P(E)lppa

where the subscript “total” refers to the total energy spectrum, while the “main beam” one, refers to
the energy spectrum of the main beam. The **U target was practically used as a reference sample, since
it reveals the same energy behavior as the ***Th fission cross section, while the ***U is much more
sensitive to the low energy parasitic neutrons and was only used as an indication for the existence of
such neutrons.

Finally, the contribution of the parasitic neutrons stemming from the respective parasitic reactions
within the beam line materials (fj;,,¢), is estimated experimentally by replacing the Ti/T target by a Cu
foil, so that any fission fragments recorded by the Micromegas detectors can be attributed to parasitic
reactions taking place within the beam line.

RESULTS

The preliminary results for the neutron induced fission cross section values of the ***Th(n,f)
reaction obtained using the aforementioned analysis methodology are shown in Fig. 5, along with
previous data and the existing evaluation libraries [9-11].
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Figure 5. The results for the **Th(n,f) cross section measurement.

The data seem to be in good agreement with the existing experimental data of Manabe [12] and
Lisowski [13] as well as with the ENDF VIII.O evaluation library within the statistical error of the
measurements. Further measurements are planned in the near future at intermediate energies,
implementing the *H(d,n) reaction.
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