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Abstract

In order to investigate the thermal fission of U-233, a detailed simulation 
program has been put together with an operational mode. In the calculations 
carried out by Monte-Carlo method, the distribution of the secondary mass 
chain yield obtained through slow neutron fission, independent yield of 
secondary products as well as their independent yield fractions have been 
calculated and charge distributions of secondary products and their most 
probable charge values have been found. The variation of the number of prompt 
neutrons emitted from the product with the mass number; and similarly energy 
spectra of the products in the laboratory and in the center of mass systems 
have been studied. Due to the fact that Adiabatic model has been found to 
have produced better results in slow neutron fission systems during previous 
experimental studies, the rate of deformation energy in this study has been 
calculated by utilizing adiabatic model as well. The distribution of the energy 
of the gamma rays emitted from the product with the mass of the product itself 
has been investigated. The width parameter of the secondary product charge 
distribution of U-233 in thermal neutron fission has also been investigated. The 
results obtained have been compared with the other thermal fission systems 
and experimental values available. 

Keywords: U-233, Thermal fission, Yield, Monte-Carlo

Research Article

Thermal Neutron Fission of Uranium-233 by Monte-
Carlo Method
Akçağlar S*
Mechanical Engineering, Engineering Faculty, Dokuz 
Eylül University, Izmir, Turkey

*Corresponding author: Sevil Akçağlar, Mechanical 
Engineering, Engineering Faculty, Dokuz Eylül 
University, Izmir, Turkey

Received: August 09, 2020; Accepted: September 15, 
2020; Published: September 22, 2020

Introduction 
Nowadays the energy requirement was obtained by fossile fuels 

(80%), hydraulic (10 %) and by nuclear (10 %) energies [1,2]. The 
environmental pollution originating from the coal and insufficient 
petroleum and natural gas reserves cause to utilization of nuclear 
energy in last decades [2,3]. Although the capital cost of nuclear 
energy is high, lower fuel prices cause to economic utilization of 
nuclear sources. Nowadays, nuclear energy provides 10 % of the 
electric energy of the World [4] The power reactors consist of natural 
uranium and uranium235 and of reactors enriched with uranium 
fuel. In the World in the 31 country are 432 active nuclear central with 
a total power of 340347 MW [5,4]. The fissile elements can be used 
as nuclear fuel is U-235, U-233 and U-239. The reason of expanded 
utilization of U-235 in the recent years is the naturel presence of 
U-235 in the uranium element [6,7]. Nuclear fission process can be 
defined by the pumping of the heavily uranium elements by neutrons 
[8,9,10]. In the thermal fission of U-233, in order to determine the 
ratio of deformation energies it was used two models namely adiabatic 
and statistic [11,12], Fissile elements which can be used as nuclear 
energy sources are U-235, Pu-239 and U-233 [4,12]. Although, there 
is a lot of studies to find energy concerning the U-235 and Pu-239 
limited studies were about thermal fission of U-233 [15,16]. There is 
no experimental and theoretical data’s during thermal fission of the 
nucleus of U-233 to obtain nuclear energy in the literature. 

In the frame work of this study, it was aimed to obtain the 
maximum nuclear energy by thermal neutron fission using adiabatic 
model in Turkey since in the future it will be used nuclear energy since 
the other energy sources (coal petroleum electricity) are very limited. 

The calculation was performed by using Monte-Carlo Method. The 
goals in this study are to obtain the disturbance of secondary mass 
chain by calculation of independent yields of secondary products and 
independent yields ratio and to determine the disturbances of charge 
of secondary products and the most probable charge values. With the 
mass numbers of prompt neutron separating by the neutrons and the 
variation of product mass of mass center energy were investigated by 
using adiabatic model. In this model the ratio of deformation energies 
was calculated. The variation of product mass separated by the gamma 
beams energies and the variation of width of secondary product in 
the neutron fission of U-233 were determined. Furthermore, the data 
obtained from the Monte-Carlo Method were correlated with the 
other thermal fission process values and experimental studies. 

Theoretical Background 
There are studies giving the product yields altogether of several 

fission systems which are measured with different experimental 
methods and calculating the most appropriate value from these 
experimental data [13,20]. Meek and Rider have analyzed nearly 
13000 product yields which are measured from several energy levels’ 
fissions of Thorium, Uranium and Plutonium [14,16,17,18]. They have 
published the experimental data values considering the conditions of 
the experiment, the error limits and the number of repeats and decay 
properties of the products. Yamamato and Sugiyama have corrected 
the primary product yield distributions with instantaneous-neutron 
numbers in order to obtain the graphics of secondary product mass 
yields [3,6,8,17]. The values for the slow neutron fission of U-233 
founded by Yamamato are given together with Crouch’s experimental 
data in Figure 1. 
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The experimental results are described in accordance with 
these models by utilizing the statistical and adiabatic models for 
the theoretical calculations performed by Sardeta [5]. There is a 
strong interaction between the collective motion of the core from 
the statistical model and motions of single particle. The collective 
motion develops quickly towards the breaking point as reported 
by Aritomo [12]. Since the nucleons cannot follow this motion as 
adiabatic, a portion of the energy is transferred to the nucleons as 
exciting energy. Thus a balance is established between the nucleons’ 
degrees of freedom at the breaking point and the temperatures of the 
products are equal at break as reported by Naika and Pomp [11,14]. 
In contrast, in the division process toward the breaking point, the 
collective motion of the nucleus develops slowly in adiabatic model 
and the nucleons follow the nucleus’s collective motion as adiabatic as 
reported by Reinhard [20]. Under these circumstances the interaction 
between the nucleus’s single particle motion and its collective motion 
is weak and the internal temperature of products at break can be 
considered to be zero. Until now is the fine structure that was formed 
with double proton nucleus. It is observed that especially possibility 
of double protons or double neutrons nucleus occurrence is higher 
as reported by Kawano and Naika [8,12]. Another feature observed 
in the yield-mass graphics is that a curve belonging to a heavy mass 
group does not move a lot but there are obvious shifts in the light 
mass groups. Another common features found in yield graphics 
is that symmetric mass division possibility is low but as excitation 
energy goes up this possibility goes up [11,13]. It is very important 
that number and energy distribution of the prompt nucleus are 
examined so as to explain the developments during the diversion of 
the nucleus in fission and due to its importance in practices [5,6]. 

First experimental study analyzing prompt neutron number product 
mass and change for the slow neutron fission of the U-233 nucleus 
was made by Fraser and Milton [21,8,13]. 

As a result of these experiments in which prompt neutrons were 
counted as coincidences with fission products it was founded that in a 
division neutron numbers of heavy and light products were different 
and total prompt number released product pairs determined change 
with mass ratio [22]. By many scientists prompt neutron of each 
product was found with values of primary and secondary product 
efficiency through physical measurement. Of these, prompt neutron 
and yield-mass distribution of U-233 for fission by Terrell can be seen 
in Figure 2. In the following studies, Walsh and Boldeman analyzed the 
fine structure of the prompt neutron in fission, compared it with the 
construction in the product yield distribution and observed that for 
both distributions this construction was found at same mass [23,24]. 
Adiabatic and statistical models were used for explaining results of 
mass related prompt neutron numbers [25]. The most important 
difference between these two models is the extent of the interaction 
between collective character of the divided nucleus and one particle 
actions of the nucleons. In the adiabatic model this interaction is 
weak and in the statistical model the interaction is strong. 

With a new approach to adiabatic model, Terrell, Kawano and 
Qiao suggested that deformation that divided nucleus included is 
depended on the features of the product [9,14,23]. 

Methods used in the calculations 
Since neutron division from fission product is a statistical issue, 

for calculation of prompt neutrons’ and gamma lights’ average 
number and energy Monte-Carlo method is used. Monte Carlo 
method is based on Weisskopff’s “nuclear evaporation’’ model [26]. 

Computer program used in the studies 
In this study, in order to detect the product distributions during 

neutron fission and the prompt-neutron numbers, their energies 
and the gamma energies a computer mathematical program namely 
Fortran 4 was used. 

Result and Discussion 
Primary Product Mass Chain Yield and charge Values 

For the primary fragment mass chain product and charge values 
of U-233, values found by Meek and Rider were used and product 
mass and change graphic was drawn and is shown in Figure 3 
[6,11,16]. The yields increased at U-233 by products 90, 99, 135 and 
146, respectively. 

Figure 1: The distribution of mass chain yields in the slow neutron fission 
of U-233.

Figure 2: Yield–mass distribution of U233+n fission.

Figure 3: U-233’s primary fragment mass chain yield.
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Yield of Fragment product mass chain 
In this study the fragment data of product mass chain and the 

most probable charge of fragment product mass chain (Zp) data were 
obtained by Meek and Rider, Wolsberg respectively [12,14,16,25]. 
By using Zp and primary fragment independent yield ratio (P A 
(Z)) data’s via the method namely “became distant from unchanged 
charge distribution” it was calculated the secondary product charge 
distribution. Then, it was calculated the wide parameter (c) as 0.79 
by using the width parameter (α = 0.56) obtained by Meek and Rider 
used in low energy fission [6,3,16]. Figure 4 shows the relationship 
between the secondary product charge and PA(Z) for mass number 
(A)124 during thermal fission of U-233. According to this Figure 
it was observed that the maximum secondary product charges was 
obtained as 49 at a PA(Z) value of 0.65. These data are in accordance 
with the maximum secondary product charges and PA(Z) values 
found by Meek and Rider (data not shown) [15,16,17]. 

Product yield and charge distribution of U-233 in thermal 
neutron fission 

By multiplying the total yield of mass change (Y), and independent 
yield ratio PA(Z) it was calculated the ındependent yield of every 
isobar, the secondary product mass yield of U-233 was obtained. The 
relationship between mass of secondary product and percent of yield 
was illustrated in Figure 5 for the fission of U-233. The maximum 
yields of secondary product mass were 7.99 and 8.8. 

These theoretical data were correlated with the experimental 
studies of Crouch [28,9]. It was found similar curves and it can be 
concluded that the theoretical data from our study are in accordance 

with the experimental results of Crouch (Figure 6) [28,12,13]. This 
figure illustrates the graph between the mass number and secondary 
product yield (%) obtained from our theoretical data and from 
Crouch data [28,6]. 

In Figure 6 it was observed some thin structures in proton 
numbers. The maximum peaks observed in this figure can be defıned 
as the poınts of mass value carryıng double number of protons. As 
a result, it was found that the plot in Figure 6 exhibited a Gaussian 
distribution. 

Disturbance of gamma and prompt neutron beams during 
thermal neutron fission U-233 

The variation of prompt neutron numbers (VA) and variation of 
product mass is illustrated in Figure 8. 

Prompt neutron numbers change with product mass in 
U-233 fission 

In this study it was found that the theoretical prompt neutron 
disturbances calculated by adiabatic model are in good accordance 
with the experimental results found by Terrel as shown in Figure 9 
[23,9,12]. 

In the study of Terrel the light and heavy mass groups in prompt 
neutron disturbance exhibited similarities with our prompt neutron 
disturbances [23,6,12]. The mass of products which are at the lowest 
neutron disturbances are placed in the region which are the masses 
and containing double numbers nucleon. This showed that the 
neutron disturbance is related with the layer structure of products. 

Statistical and evaporation models for the neutron 
emission energy spectrum in the center-of-mass system 
from fission fragments 

The kinetic energies (€1) of neutron in the mass centers for each 

Figure 4: Distribution of independent yield fractions for A=124 chain during 
U-233’s  Prompt neutron fission.

Figure 5: Secondary product t yield change with product mass during 
U-233’s fission. 

Figure 6: Comparison of secondary product yield distribution according to 
product mass during U-233’s fission.

Figure 7: Secondary product charge distribution width parameter distribution 
in U-233 fission.
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fission were calculated by Monte-Carlo Method. The kinetic energies 
in the laboratory system (€1) was calculated by the accepters of the 
neutrons were distributed isotropically. In Figure 10 the variation of 
product mass versus the kinetic energy in the mass center of prompt 
neutron was shown. The maximum kinetic energy peaks (2000-2300 
MeV) are between 94 and 116 for product masses. The secondary 
kinetic energy peaks in the same Figure reached up to 1600 MeV for 
product masses varying between 149 and 160. 

Figure 11 shows the variation between the heavy product mass of 
mean total gamma beam energy separated from the fission products 
and the product mass of mean gamma energy during the fission 
of U-233 with thermal neutron. In the study Wals and Boldeman 
declared that double energy is very important and the numbers of 
prompt neutron are very related with the product charge [24,12,13]. 
As illustrated in Figure 11 similar to the study of Wals and Boldeman 
and Madland increases in gamma energy for products with double 

Figure 8: Variation of the number of prompt neutrons in the fission of U-233  
with product mass.

Figure 9: Comparison of prompt neutrons change with output mass in U-233 
fission.

Figure 10: Energy distribution of prompt neutrons mass center in U-233 
fission.

proton was observed [24,10,15]. As a result, according to the data 
obtaining of this study, the double energy is very important in energy 
distribution during U-233 fission with prompt neutron. 

Conclusion 
The results of this study showed that general aspects for prompt 

neutron fission show parallelism with aspects of the studies made 
with Monte-Carlo calculation method. This shows that adiabatic 
distribution among fragments of excited energy during slow neutron 
fission division is also valid for U-233 fission. However, in the 
following studies calculations with statistical model will be made and 
will be analyzed comparatively.
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