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ABSTRACT 

Conceptual analysis of accelerator-driven systems assumes extensive use of nuclear data on 
neutron-induced reactions at intermediate energies. In particular, information about the fission 
fragment yields from the 238U(n,f) and 232Th(n,f) reactions is of particular interest at neutron energies 
from 10 to 200 MeV. However, there is a lack of such data for both 238U and 232Th. Up to now, the 
intermediate energy measurements have been performed for 238U only [1], and there are no data for 
the 232Th(n,f) reaction. The aim of the work is to provide such data. 

Fission fragment mass distributions for the 232Th(n,f) and 238U(n,f) reactions have been 
measured for the incident neutron energies 32.8 MeV, 45.3 MeV and 59.9 MeV. The experiments 
have been performed at the neutron beam facility of the Université Catholique de Louvain, Belgium. A 
multi-section Frisch-gridded ionization chamber has been used as a fission fragment detector. 
The data obtained have been interpreted in terms of the multimodal random neck-rupture model (MM-
RNRM) [2]. 

1 INTRODUCTION 

Nowadays the accelerator-driven systems (ADS) have gained a worlds attention as a solution of 
the problem of transmutation of nuclear wastes. The ADS is a subcritical system driven by extra 
neutrons coming from a spallation target irradiated by energetic charged particles. In such a system 
the neutron spectrum is stretched from thermal energy up to the energy of the incident beam.  For this 
reason, conceptual ADS studies require nuclear data on neutron-induced reaction within a wide range 
of incident energy range including the so-called intermediate energies, i.e. between 20 and 200 MeV. 

Intermediate energy nuclear data needs for ADS have been defined in a report by Working 
Party on International Evaluation Co-operation (WPEC) [3]. The high-priority request list presented by 
WPEC contains, along with structural, spallation target and other materials, two “fuel” nuclides 232Th 
and 238U for which data on neutron-induced fission are requested. These reactions are of practical 
importance because high-energy actinide fission, taking place in ADS, can result in accumulation of 
fission products (e.g., a long-lived fission product 126Sn or a neutron absorber 113Cd) that have not 
been of concern in traditional nuclear reactors. Such fission products can come into play due to a 
sensitive increase of symmetric fission with neutron energy. Today we have only a general idea of 
energy dependence of the fission product yields, because the corresponding experimental database is 
very scarce at neutron energies above 14 MeV. The only measurement was performed using the 
LANSCE spallation neutron source at LANL, where fission fragment mass distributions were 
measured for 238U at energies up to 500 MeV [1]. Statistics of this experiment, however, is quite poor 
that complicates a comparison of the data obtained with theoretical predictions. 

Investigation of neutron-induced actinide fission at intermediate energies is a major challenge 
for both experiment and theory. As one passes from low- to intermediate incoming energies, a number 
of factors complicating the theoretical description of fission process come into play. The pre-
equilibrium emission, the multi-chance fission and the dependence of fissioning nuclides 
characteristics on excitation energy are the main of them. The theory runs into problems with 
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consistent description of integral and differential fission observables although it is possible to 
reproduce both of them with input parameter sets that differ from each other [4-6]. 

The prime objective of this work is an experimental study of fission fragment mass distribution in 
the 232Th(n,f) and 238U(n,f) reactions at intermediate energies. The project is motivated, on one hand, 
by an ever increasing interest in various data on (n,f) reactions for feasibility studies of ADS designs, 
and on the other, by a scarcity of relevant experimental databases. 

2 EXPERIMENTAL PROCEDURE 

2.1 Neutron Beam Facility 

The measurements have been carried out at the fast neutron beam facility at the Louvain-la-
Neuve (LLN) cyclotron CYCLON, Belgium, described in detail in [7,8]. A general layout of the present 
measurements is given in Fig.1. 

 

Figure 1: General layout (not at scale) of the measurements at the LLN neutron beam facility. 

Protons produced by the CYCLONE cyclotron pass through a carbon collimator and impinge on 
a water-cooled natural lithium target which is 5 mm thick and has the diameter of 7 mm. Neutrons are 
produced by the 7Li(p,n) reaction and guided to the experimental area while the primary beam is bent 
to a water-cooled carbon beam dump. An iron collimator is used to define the neutron beam at 0°. As 
a result, the neutron beam has a diameter of 2 cm at a distance of 2 m from the Li target. The neutron 
energy spectrum at 0º consists of a well-defined peak followed by a continuum of lower energy 
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neutrons. The high-energy peak contains about 40% of all neutrons and has a full width at half 
maximum of a few MeV depending on the incident proton energy. Fig. 2 shows examples of neutron 
spectra produced by 36.4, 48.5 and 62.9 MeV protons impinging on a 5 mm thick Li target [9].The first 
fissile target was located at a distance of 375 cm from the Li target and the distance between the 
targets was 6.4cm. At the target positions, the fluence rate of peak neutrons was about 105 cm-2s-1. 
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Figure 2: Quasi-monoenergetic neutron energy spectra with the peak neutron energies of 32.8, 45.3 
and 59.9 MeV measured at the LLN neutron beam facility [9]. 

 
2.2 Detector setup: construction and principle of measurements 

A multi-section Frisch-gridded ionization chamber (MFGIC) was used as a fission fragment 
detector. The detector permits a simultaneous measurement of fission fragment mass, energy and 
angular distributions for seven fissile samples. The chamber consists of seven sections. Each section 
constitutes a twin Frisch-gridded ionization chamber with a common cathode, where a fissile sample is 
positioned. 

Adjacent sections have a common anode, so the total number of the electrodes is 29 including 7 
cathodes, 8 anodes and 14 grids. The electrode assembly is placed in a 1 mm thick stainless steel 
detector housing with the outer diameter of 165 mm and the length of 575 mm. The gas mixture was 
composed of 90% argon and 10% methane at atmosphere pressure. Fissile targets were prepared by 
vacuum evaporation of natUF4 and 232ThF4 onto ~30 µg/cm2 thick formvar backings covered by 10-15 
µg/cm2 Au to make the backings electrically conducting. The average thickness of the fissile targets 
was 130 µg/cm2 and 70 µg/cm2 for the thorium and uranium deposits, respectively. 
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The MFGIC sections 1-3 (in order of increasing distance from the Li target) were loaded with the 
thorium targets, while the uranium ones were placed into the sections 5-7. In the central (the fourth) 
section, a calibration 252Cf source was mounted. It was prepared by vacuum evaporation onto a ~50 
µg/cm2 thick Al2O3 backing covered by an Au layer with a thickness of about 15 µg/cm2. 

Fig.3 illustrates the principle of measurements with a twin Frisch-gridded ionization chamber. 
Both fission fragments are stopped in the space between cathode and grid producing ion-electron 
pairs in the working gas. The high voltage applied between the electrodes makes both free electrons 
and ions to drift towards the anodes and cathode, respectively. Since the target is thin enough, there 
are negligible fragments losses in the target and backing materials. To the first approximation, the total 
charges induced on the anodes are proportional to the fragment kinetic energies deposited in the gas, 
so the double kinetic energy method is applied to retrieve the fission fragment masses (see chapter 3). 

 

Figure 3: Cross section of a twin Frisch gridded ionization chamber. 

 
In addition, the anode signals are used to determine the fragment emission angle with respect to 

the chamber axis. Indeed, if the Frisch grid screens the anode ideally from the charges produced in 
the space between cathode and grid, the anode pulse rising does not occur before the first electrons 
penetrate the greed. So, measuring the time interval T between the onsets of the cathode and anode 
signals and refereeing to Fig. 3, one can retrieve the fragment emission angle as: 
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where maxmin , TT  are the minimum and maximum time intervals between the cathode and the anode 

signals that correspond to the case of 1cos =θ  and 0cos =θ , respectively. 
In the present measurement, the neutron energy has been measured with the time-of-flight 

technique. Timing has been done employing the cathode signal as described in the next section. 
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2.3 Detector setup: electronic treatment of the signals 

Fig. 4 shows a block diagram of the electronics used to process the signals from MFGIC. Each 
section of the detector operates as a twin Frisch-gridded ionization chamber. It generates three 
signals for a fission event. Two signals, each proportional to fission fragment energy, are taken from 
anodes using low-noise, charge-sensitive preamplifiers (PA) with two outputs. One output is used for 
the electron drift time measurements, while the other one is used for the spectroscopy. To simplify the 
scheme, the alternate anodes are connected together, so only two spectroscopy channels (instead of 
14) are used to treat the anode signals from all sections. In principle, such a connection of the anodes 
can result in a pileup of the anode signals from different sections. However, the probability of an 
accidental coincidence is negligibly small at the counting rates (<10 s-1) characteristic for the present 
experiments. After the pre-amplification, the anode signals are amplified, shaped (with time constants 
τint = τdiff = 1 µs) and fed to a peak sensing analog-to-digital converter (ADC). 

 
 

 
 

Figure 4: Electronic setup of the experiment. 

The third signal is taken from the cathode. The cathode signal is used for both timing and 
identification of fired section of ionization chamber. Seven fast preamplifiers, having rise time ≤20 ns 
for detector with capacity of 100 pF, accept the cathode signals and deliver separate preamplifier 
output for timing. The timing outputs of the cathode PAs are fed to respective timing filter amplifiers 
(TFA) with shaping time constants τint = τdiff = 20 ns. Seven constant fraction discriminators (CFD) 
follow the TFAs. Their output signals are mixed in OR-unit and then split into four branches. The first 
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pulse starts a time-to-digital converter (TDC), the second one strobe the input register through delay, 
the third one goes to gate input of ADC and the fourth one triggers a single vibrator. The first channel 
of TDC is stopped with the cyclotron RF signal put in coincidence with a single vibrator signal having 
pulse duration equals to cyclotron RF period. The signals from the second outputs of CFD send to 
data inputs of the input register.  

The timing outputs of the anode PAs are fed to respective timing filter amplifiers (TFA) with 
shaping time constants τint =20ns and τdiff = 200ns and then to leading edge discriminators (LED). The 
logic signals from LEDs enter to the second and to the third stop inputs of TDC for electron drift time 
measurement in ionization chamber. The latter we use for determination of fission fragment emission 
angle. 

The data reading is started via computer automated measurement and control (CAMAC) bus by 
look-at-me (LAM) signal from TDC with a computer-based data acquisition system. The system reads 
in series the data from input register, two ADC channels and three TDC channels. The data are stored 
event by event on a hard disk. The total statistics accumulated lies within 5×105 - 8×105 . 

3 DATA ANALYSIS 

3.1 Fragment mass determination 

Fission fragment masses are determined by means of the double kinetic energy method based 
on the conservation laws of mass and linear momentum. In principle, the pre-neutron emission 
fragment masses are calculated as: 
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with M1,2 the fragment masses, M the mass of the fissioning nucleus and E1, E2 the pre-neutron 
emission fragment kinetic energies (in the center-of-mass frame). In practice, however, the only post-

neutron emission fragment energies post

2,1E  can be measured, because the neutron emission occurs for 

a very short time. Moreover, to gain the post

2,1E  values the measured fragment energies 0

2,1E  should be 

corrected for the detector pulse-height defect (PHD), grid inefficiency, energy losses in the target 
material and backing, and for the linear momentum transferred (LMT) to the fissioning nucleus: 
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If this is done, an evaluation of the pre-neuron energies is given by: 
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with post

2.1ν  post-scission neutron multiplicity. 

 

3.2 Corrections 

3.2.1 Pulse height defect 

Ideally, the number of ion-electron pairs produced by a fission fragment in the working gas is 
proportional to the fragment kinetic energy. In practice, however, this proportionality is distorted by the 
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so-called pulse height defect. The pulse height defect is caused by various processes including ion- 
electron recombination, electron capture by neutral atoms, and non-ionizing collisions in the gas and 
depends on the gas. For the gas used in the experiment, pulse height defect was found in [10] and 

have then been used to calculate PHD∆ . 

3.2.2 Frisch grid inefficiency 

The main purpose of the Frisch grid is to screen the anode in order to exclude the influence of 
the field created by ions located in the space between the cathode and the grid. The grid, however, 
can not fulfill this function perfectly. The correction value is given as [11]: 

D

x
Egridgrid

><
⋅=∆ θσ cos ,         (7) 

where gridσ  is the grid inefficiency [10], E is the fragment energy, >< x  is the distance of the center 

of gravity of the ion-electron pair track from the origin of the trace, D is the cathode-grid distance, and 
θ  is the fragment emission angle with respect to the chamber axis.  

3.2.3 Energy losses in the target and backing materials 

Correction for the fragment energy loses has been calculated using the measured fragment 
emission angle (see section 2.2) and value of specific energy losses in the target and backing 
materials. The later has been calculated with the code SRIM [12]. 

 
3.2.4 Linear momentum transferred 

To find the fragment energies in the center-of-mass frame one should introduce a correction for 
the linear momentum transferred by incident neutron to the fissioning nucleus. At neutron energies 
below 20 MeV, a predominance of the (n, f) reactions with the full linear momentum transfer takes 
place. As neutron energy increases, the average LMT deviates from the full one. The LMT corrections 
have been done with trivial kinematics relations making use of the measured fragment emission angle 
(see section 2.2) and the following expression for the LMT [13]: 
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3.2.5 Post scission neutrons 

A fission fragment has an excess of neutrons and the fragment is loosing the excitation energy 
by evaporating the neutrons, so the measured fragment mass should be corrected for the neutron 
multiplicity ν depending on the fragment mass M1,2 and the excitation energy of the fragment which is 
correlated with its kinetic energy. The neutron multiplicity on the fission fragment mass was taken in 
[1]. In order to find the value of multiplicity for the arbitrary excitation energy and the mass of the 
fission fragment, the polynomial fitting has been applied to the 2-D dependence of ν on the fission 
fragment mass and the nucleus excitation energy. The results of fitting are shown in Fig. 5. The 
nucleus excitation energy is also shown as a parameter in each of the graphs. In order to find the 
fission fragment excitation energy, the data for the fission fragment excitation energy on the incident 
neutron kinetic energy were used [1] which have then been approximated by the polynomial (Fig. 6).  



Proceedings of the International Youth Nuclear Congress 2008 
 
 
 
 

442.8 
 
 
 
 

 

Figure 5: Neutron multiplicity as a function of the fission fragment mass with the nucleus excitation 
energy as a parameter. 

 

 

Figure 6: Fission fragment excitation energy as a function of incident neutron kinetic energy. 

 
3.2.6 Prefission neutrons 

Since a number of neutrons are evaporated from the compound nucleus before the fission 
happens, the M value in Eqs. 2 and 3 is given as: 

)(1 npre EAM ν−+=           (9) 
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where preν  is the pre-fission neutron multiplicity, A is the atomic mass of the target material, and En is 

the incident neutron energy. The energy dependence of preν  has been taken from Ref. [14]. 

3.3 Wrap-around effect 

The time structure of the proton beam does not permit an absolute discrimination of non-peak 
events, because a resulting TOF spectrum consists of a number of overlapped time intervals of 50-
70 ns, depending on the proton energy. To estimate the impact of background fission events on the 
fragment mass distributions measured, a set of Monte-Carlo simulations of the TOF distributions 
should be done for the 232Th(n, f) and 238U(n, f) reactions. The TOF spectra of fission events have 
been simulated making use of the ROOT framework. For this purpose, the neutron energy spectra [9] 
and the neutron-induced fission cross sections (ENDF/B-IV + [15] for 238U and ENDF/B-IV+[16] for 
232Th) have been used. The cyclotron beam pulse period, intrinsic time resolution of the ionization 
chamber, and TOF length were included into the simulation procedure to fit each experimental 
situation. Fig. 7 illustrates the simulated fission event TOF spectrum for 232Th and the peak neutron 
energy of 32.8 MeV with 4 time frames corresponding to 4 periods of cyclotron RF frequency.  

 

Figure 7: Monte-Carlo simulated TOF spectra of fission events from the 
232

Th(n,f) reaction induced by  
quasi-monoenergetic neutrons with peak energy of 32.8 MeV. Four time frames corresponding to 4 

cyclotron RF periods are shown. 

The resulted simulated TOF spectrum (in blue colour) as well as the experimental spectrum (in 
red colour) of fission events is shown for the 238U(n, f) reaction in Fig. 8 (left panel). The neutron peak 
energy is 32.8 MeV. 

Since neutrons of different energy corresponding to several TOF “frames” contribute into the 
same resulting TOF channel, one has to introduce a procedure of subtraction of this contribution. As 
the energy of the background neutrons does not exceed 20 MeV, the Wahl systematics [17] has been 
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used which allows to find the mass distributions for the reactions 232Th(n, f) and 238U(n, f) induced by 
the neutrons of low energies. In the model [17] the mass distribution is presented as a superposition of 
5 Gaussians. The relative weights of the distributions have been found using the Monte-Carlo 
simulation of the TOF spectrum described above. The wrap-around subtraction is illustrated in Fig. 8. 
On the left panel the fission event TOF spectrum for 238U target and the peak neutron energy 32.8 
MeV is shown. On the central panel the fission fragment mass distributions which have been 
calculated for the backward and forward directions relative to the neutron beam direction are shown. 
On the right panel the uncorrected mass distribution is presented as a black colour curve and the blue 
and magenta colour distributions present contributions related to the low energy neutrons. The mass 
distribution shown in red colour is the corrected fission fragment mass distribution. 

 

 

Figure 8: Left panel: measured and simulated TOF spectra of fission events for the 
238

U(n,f) reaction 
induced by quasi-monoenergetic neutron beam with the peak energy of 32.8 MeV. Central panel: 

uncorrected fragment mass distributions. Right panel: the fragment mass distributions corrected for 
the wrap-around effect. 

 

4 EXPERIMENTAL RESULTS 

Measured pre-neutron emission fission fragment mass distributions for the 238U(n,f) and 
232Th(n,f) reactions at the neutron energies 32.8 MeV, 45.5 MeV and 59.9 MeV are the result of the 
present work. The mass distributions are shown in Fig. 9. 
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Figure 9: Measured pre-neutron emission fission fragment mass distributions for the 
232

Th(n,f) (first 
row) and 

238
U(n,f) (second row) reactions at neutron energies 32.8 MeV, 45.3 MeV and 59.9 MeV 

(from left to right). 

The measured fission fragment yields Y(M,TKE) have been described as a superposition of 
several fission channel components [18]: 

( , ) ( ) ( )c c

c

Y M TKE y M y TKE= ⋅∑ ,      (10) 

where TKE=E1+E2 is the total kinetic energy of both fission fragments. 

The mass distribution ( )cy M  is given by two Gaussians: 

2 2

2 22

( ) ( )1
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    − − − − +
= +    

    
,   (11) 

where cσ  is the standard deviation and cM  is the mean fragment mass of the c-th fission channel 

and ACN  is the atomic mass of the compound nucleus.  
The TKE distribution has a skewed shape and is described by 
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where max, min,,c cd d  are geometrical parameters of the nucleus at the scission moment and 
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. The parameter ,dec cd  describes the exponential decrease of 

the TKE distribution with the increase of L and the parameter ch  defines the height of the distribution. 

The experimental yield Y(M,TKE) has been fitted by Eq. (10) with 6 free 

parameters ),,,,,( ,min,max, cdecccccc dddhM σ  for each fission channel. 

 

Figure 10: Fragment yields Y(M,TKE) measured for the 
232

Th(n,f) reaction at 59.9MeV (left panel) and 
the corresponding 2-D fit (right panel). 

 

 

Figure 11: Fragment yields Y(M,TKE) measured for the 
238

U(n,f) reaction at 59.9MeV (left panel) and 
the corresponding 2-D fit (right panel). 
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The fission channel probabilities cp  have then been calculated as 

( ) ( )

( , )

c c

c

dMdTKE y M y TKE
p

dMdTKE y M TKE
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=

⋅

∫
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The probabilities cp  have been found for ST1, ST2 and SL channels for 3 incident neutron energies 

for both 238U and 232Th. The analysis has shown that the channels can be well identified for all the 
three neutron energies. Fig. 12 illustrates the experimental mass yields (in blue) as well as yields 
corresponding to ST1, ST2 and SL channels (in black) and the superposition of these channel yields 
(in red) for the neutron energy 32.8 MeV. 

 

Figure 12: Decomposition of the experimental fission fragment mass yields into 3 fission channels for 
the 

232
Th(n,f) and 

238
U(n,f) reactions at 32.8 MeV. 

 

The analysis of the dependencies of TKE  and )(TKEσ  on the mass of the fragment has also shown 

that the introducing of ST1 and ST2 channels improves the description of the experimental data if to 
compare with the case when only one standard mode has been used in the fitting procedure. 

 

5 CONCLUSIONS 

Pre-neutron emission fission fragment mass distributions for the 238U(n,f) and 232Th(n,f) 
reactions have been measured at the neutron energies 32.8 MeV, 45.5 MeV and 59.9 MeV. The data 
for 232Th have been obtained for the first time. Fission channel characteristics have also been found 
for these neutron energies from the 2D-fitting of the M-TKE distributions. 
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