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Abstract.  Recently, the thorium-uranium fuel cycle has been subject for a renewed interest. This may be explained by 
the development of accelerator driven systems (ADS) for power generation and transmutation of nuclear waste, which 
are supposed to provide clean and almost inexhaustible fission energy. Nuclear data of 232Th are very important for the 
novel fission, fusion and accelerator-driven system calculations. Optimization of these nuclear energy systems much 
depends on the 232Th neutron cross sections in the fast neutron energy ranges. In this study, neutron-emission spectra 
produced by (n,xn) reactions on nuclei 232Th have been examined. Angle–integrated cross sections in neutron induced 
reactions on targets 232Th have been calculated at the bombarding energies from 2,6 MeV to 15 MeV. In the 
calculations, the Hybrid and the Geometry Dependent Hybrid models for precompound decay have been used. By 
analyzing (n,xn) reaction on 232Th, with the incident energy from 2,6 MeV to 15 MeV, the importance of multiple pre-
equilibrium emission can be seen clearly. The obtained results have been discussed and compared with the available 
experimental data and found agreement with each other.  
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INTRODUCTION 

In Accelerator Driven Systems (ADS), (n,xn) 
reactions have more importance than in conventional 
reactors. In Accelerator-driven systems, an external 
flux of neutrons is provided by a spallation source. 
The energy spectrum of these neutrons extends to 
hundreds of MeV. On the other hand, the cross-
sections of these reactions are often badly known. This 
is due in part to the fact that few neutron beams with 
energies above 20 MeV were available up to now.  

This is not only due to the lack of high energy 
neutron beams but also to the difficulty to measure 
their cross sections. The consequences on the 
predictions of codes will be strongest for (n,xn) 
reactions, which have a threshold increasing with x, 
and have therefore much more importance in ADS 
than in conventional reactors. Actually, data bases for 
(n,xn) reactions rely for many isotopes on model 
predictions.  

 

For the design of Thorium based Accelerator 
Driven Sub-critical Systems (ADS) experimental data 
of cross-sections of 232Th (n,xn) reaction at high 
energy are very rare. Recently the scientific 
community realized that there was a real and urgent 
need of new and more precise data for nuclei 
representative of the core, of the spallation target and 
of the structure materials of a hybrid system. 
Experimental data measurements should contribute to 
better evaluated data, but since all reactions cannot be 
measured they should also provide adequate 
constraints on nuclear reaction models like the intra-
nuclear cascade or the pre-equilibrium model.  

It has been established that pre-equilibrium 
processes play an important role in nuclear reactions 
induced by light projectiles with incident energies 
above about 10 MeV. Starting with the introduction of 
exciton model by Griffin [1]   in 1966, a series of semi 
classical models Gruppeler et al.[2] of varying 
complexities has been developed for calculating and 
evaluating particle emissions in the continuum. Then 
Blann formulated the hybrid model for pre-compound 
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decay.[3,4] It was also shown that with some freedom 
in the choice of parameters, these models could give 
reasonable fit to the observed energy and angular 
distributions of the emitted particles. More recently, 
researchers have formulated several quantum–
mechanical reaction theories [5-8] that are based on 
multi-step concepts and in which statistical 
evaporation at lower energies is connected to direct 
reactions at higher energies. 

Indeed the (n,xn) reactions participate to the 
neutron multiplication in the spallation target. Fast 
neutrons can also escape from this target, reach the 
core and then interact with fuel materials by (n,xn) 
reactions. Their role is also important if we consider 
the thorium cycle. The 232Th (n,2n) reaction leads to 
231Th which decays to 231Pa that can dominate the 
radiotoxicity in some scenarios of fuel reprocessing 
[9]. Another example concerns the 233U (n,2n) reaction 
which leads to 232U and which decays, after several α 
and β emissions, on the excited states in 208Pb. This 
last nucleus decays by emitting a high energy (2.6 
MeV) γ  ray that makes the fuel elaboration more 
complicated.  

Thorium, like uranium, is a nuclear fuel, but the 
use of thorium fuel, unlike the use of uranium, has 
nearly been forgotten. In particular, 232Th is important 
as fissile material in the new generation reactors. In the 
present paper, the calculation results of the (n,xn)  
differential cross sections  at between 2.6 and  15 MeV 

for target nucleus  Th232
   have been given. 

THE MODELS 

Hybrid and Geometry Dependent Hybrid 
Model 

 

The hybrid model for pre-compound decay is 
formulated by Blann [3] as 
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Here εευ dP )(  represents   number of particles 
of   the ν (neutron or proton) emitted into the unbound 
continuum with channel energy between ε and ε + dε. 
The quantity in the first set of square brackets of 
Eq.(1) represents the number of particles to be found 

(per MeV) at a given energy (with respect to the 
continuum) for all scattering processes leading to an 
"n" exciton configuration. It has been demonstrated 
that the nucleon-nucleon scattering energy partition 
function Nn(E) is identical to the exciton state density 
ρn(E).The second set of square brackets in Eq. (1) 
represents the fraction of the ν type particles at energy, 
which should undergo emission into the continuum, 
rather than making an intranuclear transition. The Dn 
represents the average fraction of the initial population 
surviving to the exciton number being treated. Early 
comparisons between experimental results, pre-
compound exciton model calculations, and 
intranuclear cascade calculations [10] indicated that 
the exciton model gave too few pre-compound 
particles and that these were too soft in spectral 
distribution for the expected initial exciton 
configurations. The results of intranuclear cascade 
calculations indicate that the exciton model deficiency 
arises from a failure to properly reproduce enhanced 
emission from the nuclear surface. 

In order to provide a first order correction for this 
deficiency the hybrid model was reformulated by 
Blann. In this way the diffuse surface properties 
sampled by the higher impact parameters were crudely 
incorporated into the pre-compound decay formalism, 
in the Geometry Dependent Hybrid model (GDH). The 
differential emission spectrum is given in the GDH as 

  

),(PT)12(
d

)(d
0

2 επ
ε
εσ

υ
υ ll  l

l
∑
∞

=

+= D        

(2) 

Here D  is reduced de Broglie wavelength of the 
projectile and lT  represents transmission coefficient 
for l th partial wave. The geometry dependent 
influences are manifested in two distinct manners in 
the formulation of the GDH model. The more obvious 
is the longer mean free path predicted for nucleons in 
the diffuse surface region. The second effect is less 
physically secure, yet seems to be important in 
reproducing experimental spectral shapes. The nuclear 
density distribution used in the GDH model is a Fermi 
function,  

 

[ ] 1
ll 1  fm 0.55 /)  ( Exp       )( −+−= CRR sρρ   

 
here ρ s is the density at the center of nucleus, and 
C=1.07 A1/3   taken from electron scattering results 
[11]. The radius of the l th entrance channel partial 
wave is given by )2/1R +=  l (     l D . In the 
GDH model, the fermi energies and nuclear densities 
are defined to impact parameter Rl.  
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FIGURE 1. Comparision with experimental data of 
calculated (n,xn) spectra for 5 MeV neutrons on 232Th target. 
The calculation results represent evaporation plus Geometry 
Dependent Hybrid model (GDH) predictions and 
evaporation plus Hybrid model predictions. Experimental 
data taken from Reference [12]. 
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FIGURE 2. Calculated (n,xn) spectra for 7.75 MeV 
neutrons on 232Th target. The calculation results represent 
evaporation plus GDH predictions and  evaporation plus 
Hybrid predictions. 
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FIGURE 3. Calculated (n,xn) spectra for 13.4 MeV 
neutrons on 232Th target. The calculation results represent 
evaporation plus GDH and  evaporation plus Hybrid 
predictions. 
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FIGURE 4. Comparision with experimental data of 
calculated (n,xn) spectra for 14.1 MeV neutrons on 232Th 
target. The calculation results represent evaporation plus 
GDH and evaporation plus Hybrid predictions. Experimental 
data taken from Reference [12]. 
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FIGURE 5. Calculated (n,xn) spectra for 15 MeV neutrons 
on 232Th target. The calculation results represent evaporation 
plus GDH and evaporation plus Hybrid predictions. 
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FIGURE 6. Comparision with experimental data of 
calculated total reaction cross section of n+232Th. The 
calculation results represent evaporation plus GDH and  
evaporation plus Hybrid predictions. Experimental data 
taken from References [13,14]. 
 

0 4 8 12 16 20
En(MeV)

0

1000

2000

3000

C
ro

ss
 s

ec
tio

n 
(m

b)
 

232-Th (n,2n)

Hybrid

GDH

Experimental

 
 
 
FIGURE 7. Comparision with experimental data of 
calculated cross section of 232Th(n,2n) reaction. The 
calculation results represent evaporation plus GDH and 
evaporation plus Hybrid predictions. Experimental data 
taken from References [15]. 
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FIGURE 8. Comparision with experimental data of 
calculated cross section of 232Th(n,3n) reaction. The 
calculation results represent evaporation plus GDH and 
evaporation plus Hybrid predictions. Experimental data 
taken from References [16]. 
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FIGURE 9. Calculated neutron multiplicity of (232Th,n) 
reaction for different energies from 2 to 15 MeV. The 
calculation results represent evaporation plus GDH and 
evaporation plus Hybrid predictions. 
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In this study, neutron-emission spectra produced 

by (n,xn) reactions on nuclei Th232
 have been 

calculated. Angle–integrated cross sections in neutron 

induced reactions on targets Th232
 have been 

calculated at the bombarding energies 5, 7.75, 13.4, 

14.1 and 15 MeV. Th232
(n,xn) neutron  emission 

spectra cross sections were  calculated using and pre-
equilibrium reaction mechanisms. Geometry 
Depended Hybrid model (GDH) and Hybrid model, 
were used for pre-equilibrium calculations.   

Several types of calculations and combinations can 
be performed including a standard Weisskopf- Ewing 
evaporation with multiple particle emission. ALICE91 
calculates precompound decay via Hybrid and GDH 
models with multiple precompound decay algorithms, 
single and double differential spectra, and reaction 
product cross sections. 

In the present study, calculations have been made 
in the general framework of the Weisskopf-Ewing 
evaporation model with GDH model and Hybrid 
model using ALICE91 computer code [17]. This is just 
the case for the reactions with many particles in a final 
state, in which the agreement with experiment is 
usually achieved by means of auxiliary suppositions as 
to the magnitude of the pre-equilibrium emission 
component and its energy dependence. The calculated 
(n,xn), (n,2n), (n,3n) and total reaction cross sections 
are shown in Figs.1-9.  

In Figs. 1,4,6,7 and 8 the calculated (n,xn), (n,2n) 
and (n,3n)  cross-sections values have been compared 
with the experimental values. In the GDH model 
calculations we used the initial exciton number no =3 
of 1 neutron, 1 proton and 1 hole. The density is used 
to define the nucleon mean free path. The radius for 
the l th partial wave is defined as 

)2/1R +=  l (     l D .  In the GDH model, the 
fermi energies and nuclear densities are defined by the 
impact parameter Rl. The GDH model is made 
according to incoming orbital angular momentum l in 
order to account for the effects of the nuclear-density 
distribution. This leads to increased emission from the 
surface region of the nucleus, and thus to increased 
emission of high-energetic particles. 

We used the standard Weiskopf-Ewing theory for 
preequilibrium calculations and used the finite range 
barriers of A.J. Sierk. The standard pairing shift (zero 
for odd-even nuclei, delta for odd-odd nuclei) 
proposed by Blann et al. was employed as the pairing 
correction for GDH model calculation. In the 
calculation the Kataria-Ramamurthy level density 
option selected by taking into consideration the pairing 
energy and the mass shell correction, the better results 
have been obtained.  

The Th-U fuel cycle is studied extensively for 
energy production and as a waste management option 
in the next generation of systems like thermal or fast 
reactors and the Accelerator Driven Systems. The 
precise determination of the 232Th(n,2n)231Th reaction 
channel is crucial due to the production of the long-
lived 232U. This nuclide is of major concern because of 
its high radio-toxicity, as its decay chain includes the 
isotopes 212Bi and 208Tl which are high energy gamma 
emitters, 1.7 and 2.7 MeV, respectively. Experimental 
data measurements should contribute to better 
evaluated data, but since all reactions cannot be 
measured they should also provide adequate 
constraints on nuclear reaction models like the intra-
nuclear cascade or the pre-equilibrium model.  
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