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Poplärvetenskaplig sammanfattning 
 
Virtual studies of nuclear fission är ett projekt vars huvudsakliga syfte var att studera och 
förstå hur ett simulationsprogram behandlar proton inducerad fission och neutron inducerad 
fission. Dessutom gjordes studier på hur partikelenergin påverkar slutresultatet. Detta 
gjordes med ett simulationsprogram som heter ”A General Description of Fission 
Observables” (GEF) version 2016/1.2. Simuleringarna involverade fissionsreaktioner på 
neptunium och uranium, samt protaktinium och torium. Dessutom simulerades varje 
reaktion vid tre olika energi nivåer: 15, 25 och 35 MeV. Simulationerna jämfördes sedan 
med data från tidigare experiment av avdelningen för tillämpad kärnfysik på Uppsala 
universitet. 

Resultatet visade att p-inducerad fission beter sig mycket likt ”Compound nucleus” 
fission i motsats till n-inducerad fission. Detta visades i både uranium simulationerna men 
även i torium. Vid analysering av hur energiberoendet påverkar reaktionerna visar det sig 
att både n- och p-inducerad fission uppför sig på liknande sätt. När den simulerade data 
jämfördes med den experimentella visade det dock sig vara klara skillnader. 
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A General Description of Fission Observables (GEF) version 2016/1.2 is 

a software which simulates various types of fission. The main 

objective of this project is to compare the proton induced fission with 

the neutron induced fission of the same fissioning system. The proton 

induced fission was recently introduced to GEF and is relatively 

untested. Furthermore another task is to study the energy 

dependence in the same compound nucleus. The project will focus on 

simulating and comparing 238U(p,f) with 238Np(n,f) and 239Np*(f) as well 

as 232Th(p,f) with 232Pa(n,f) and 233Pa*(f ). The simulations were also 

compared to experimental data acquired by the division of applied 

nuclear physics at Uppsala University. The results show that the p-

induced channel behaves very similar to the Compound Nucleus (CN) 

channel in contrary with the (n,f) channel. However when comparing 

the simulated data to the experimental data, there seems to be clear 

differences. 
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1. Introduction 

 
1.1. Background 

Since the discovery of the neutron by the Nobel winning scientist, James Chadwick in 1932, 

the advancement of nuclear physics occurred with a rapid pace. Once the neutron was 

discovered, the next objective in nuclear physics was to study how various nuclei are 

affected once they are exposed to neutrons. They wanted to use this technique to artificially 

create atoms with higher atomic number. They wished to produce atoms heavier than the 

heaviest natural atoms so called transuranic elements. However when the scientists 

exposed uranium with a large quantity of neutrons, the end result was not completely as 

expected. It appeared to show similar signs to barium. The uranium atom had acquired a 

high enough energy surge which resulted in an unstable atom. Since neutrons are 

chargeless, the Coulomb barrier in the nuclei is easily overcome and the atom splits in half. 

This is what is known as fission. 

Today scientists are involved in both experimental activities as well as theoretical 

calculations. With the help of computers it is possible to simulate fission reactions. “General 

description of fission” or GEF for short, is a simulation software and was created by 

Schmidt & Jurado [1]. This software allows anybody to simulate neutron-, proton-, 

spontaneous- and compound nucleus fission for various nuclei. This is a great tool to use 

when comparing with experimental data. 

The division of applied nuclear physics at Ångström laboratory at Uppsala University, 

studies different properties of fission. Together with their connection with the “Ion Guide 

Isotope Separator On-Line (IGISOL) facility at the Accelerator Laboratory of the University 

Of Jyväskylä in Finland [2], they are able to acquire high-precision experimental data. 

 

1.2. Objective 

 

The primary task is to induce and compare neutron- and proton fission of 238Np(n,f), 
238U(p,f), 232Pa(n,f), and 232Th(p,f). These fission reactions will also be simulated and 
analyzed at different excitation energies. The systematic variations (which are expected 
from varying the energy level) is what the division is looking to understand as a function of 
the incoming particle. They wish to understand how neutrons and protons will affect the 
fission process with respect to the excitation energies. The physical observations which will 
be studied are: 

 Pre-neutron emission mass yields  

 Post-neutron emission mass yields  

 Prompt fission Neutron emission  

 Prompt fission Gamma emission  

 Isomeric yields  

 Independent fission yields  

 Fission modes 

Furthermore another task is to compare these simulations with experimental data. This is 
mainly to determine which radioactive isotopes that has been formed as well as their 
excitation energy. 
  



2. Theory  
 

2.1. Why fission occurs 

To fully understand why fission occurs in a nuclei, it is essential to know how the binding 

per nuclei depends on the mass number of the element. This is shown in figure 1 which 

describes the binding energy per nucleon for various elements. The peak is found around 

the atomic mass number 60. To the left of this line energy can be gained by fusing light 

elements together in a process called fusion. They do not split into smaller atoms the way 

heavier elements do. This phenomenon occurs naturally for example inside stars. To the 

right of the line are the heavier atoms, these elements gain energy by fission.  

 

 

Figure 1: Describes the binding energy per nucleon for various elements [3]. 

Fission occurs when a nucleus is exposed to a particle, this does however not occur 

naturally often. The main reason that prevents fission to occur spontaneously is what is 

known as the fission barrier. The Coulomb barrier is an electrostatic force between two 

nuclei which tries to repel them and prevent a nuclear fission reaction. What keeps the 

nucleus together is called the strong nuclear force. Since the nucleus contains positively 

charged protons, the particles tries to push the nucleus apart. However at close range 

(femtometers) the nuclear force overcomes the electromagnetic force. 

The Coulomb force can be determined by the electrostatic potential energy: 

𝑉 =  
1

4𝜋𝜀0

𝑍1𝑍2𝑒2

𝑅
  (1) 



Where 𝜀0 is the permittivity of vacuum, 𝑍𝑖 is the atomic number of the elements and 𝑅 is the 

interaction radius. 

If a nucleus is bombarded with neutrons, protons or even photons, it will fall into an 

intermediate state. This is what is known as induced fission [4]. The energy needed to 

surpass the fission barrier is called the activation energy, and differs for every element. 

Once the nucleus has been induced by a particle with enough energy, it will start to fission. 

The particle energy has to be equal to or greater than the activation energy. This is shown 

in figure 2 for various elements. 

 

 
Figure 2: Shows how the fission activation energy varies with the mass number [4] 

 

2.2.  Fragment distribution 

After an induced fission reaction it is more common that the nucleus is not symmetrically 

split, meaning two fragments with the same mass. An example is given in the following 

formula for the n-induced fission of 238U: 

 
238U + n → 93Rb + 144Cs + 2n 

 

The case where uranium is splitting up symmetrically is not that common. The fragments 

usually consist of one heavy atom and a light one (asymmetric), as well as two or three 

prompt neutrons. The probability of symmetrical fragment distribution does however 

increase with higher particle energy. Figure 3 shows the mass distribution as a function of 

the mass number for n- induced fission of 235U. 



 
Figure 3: Mass distribution as a function of atomic mass number for neutron induced fission of 235U [5]. 

 

The nuclei strive to become stable, thus it will immediately emit the excess neutrons. These 

are the two extra neutrons in the reaction above and are often referred to as prompt 

neutrons. After the neutron emission the nucleus is still in an excited state. The nucleus will 

then release γ-rays. In most cases the produced fission products are still neutron-rich and 

will undergo beta decay to migrate towards the island of stability. β- decay is a radioactive 

type of decay where a neutron is converted into a proton (and respectively proton is 

converted into a neutron for β+ decay). It will then have a more stable ratio of neutrons and 

protons inside the nucleus.  

  



2.3.  Energy and fission cross sections 

 

 
Figure 4: Cross sections for neutron induced fission of 235U and 238U [4]. 

 

 

Neutron energy Energy range 

0.0–0.025 eV Cold neutrons 

0.025 eV Thermal neutrons 

0.025–0.4 eV Epithermal neutrons 

0.4–0.6 eV Cadmium neutrons 

0.6–1 eV EpiCadmium neutrons 

1–10 eV Slow neutrons 

10–300 eV Resonance neutrons 

300 eV–1 MeV Intermediate neutrons 

1–20 MeV Fast neutrons 

> 20 MeV Ultrafast neutrons 
Table 1: Shows the neutron energy distribution ranges [6] 

 

Figure 4 illustrates the cross sections of neutron induced fission for two different uranium 

isotopes. The cross section determines the probability of a fission reaction. As figure 4 

shows, the uranium isotope with atomic mass number of 235 does have a possibility of a 

fission reaction with neutrons inside the thermal region all the way up to the fast neutron 

region. The particles contain very little energy in the thermal region, for the 235U isotope it is 

where the fission reaction dominates. However for the 238U isotope there is hardly any 

chance of a fission reaction in that region. For the 238U isotope the energy needs to be 

much higher, in fact about a millions times greater. That means that for the uranium atom 

there are different energies required to fission depending on the isotope. To understand 

why this occurs, it is necessary to study the association of the activation energy and the 

excitation energy. 



If the 235U isotope receives an extra neutron, it will enter an excited state with atomic 

mass number 236. This is denoted as 236U*, and its excitation energy can be calculated 

using Einstein’s famous formula: 

 

𝐸𝑒𝑥 =  {𝑚( 𝑈∗)𝑛+1 −  𝑚( 𝑈)𝑛 }𝑐2 (2) 

 

If the energy in equation (2) is greater than the activation energy, which can be determined 

from figure 2, it means that the nucleus can undergo fission with neutrons with close to zero 

energy. This is the case of the 235U isotope in the thermal region. However by performing 

the same calculation but for the 238U isotope, it clearly shows that the activation energy is 

greater than the excitation energy. For it to be able to fission, the added neutron has to 

have a minimum energy of 1.4MeV. 

 

2.4.  Fission probability 

As figure 3 shows there is a much higher chance for the mass distribution to be 

asymmetric, rather than two of the same mass number. However by increasing the particle 

energy, the probability for symmetric fragment distribution increases. This can be seen in 

figure 5. This is because the fission barrier is higher for symmetric split and by increasing 

the energy, one overcomes the higher barrier in greater extent. 

 

Figure 5: Macroscopic (a) and macro-microscopic (b) potential energy surface for 238U [7]. 

The macroscopic potential energy surface follows the so called liquid drop model. The liquid 

drop model was the first model in the early 1900s to describe the behavior of binding 

energies [8]. As the name implies the model suggest that the nuclei of an atom behaves like 

a drop of liquid. The fluid represents the neutrons and protons which are tied together by 

the strong nuclear force. The nucleus is thought of as spherical in the ground state, and 

when an outside energy is added the nuclei will distort and ultimately split into two 

fragments as shown in figure 6. 

 



Figure 6: Visual illustration of nuclear shapes in fission [4]. 

Even though the liquid drop model is a great way to understand the physical properties of 

fission, it is simplified and not completely accurate. Figure 5 (a) shows that the barrier has a 

small dip in the symmetry, the model says that the distribution should be symmetric but with 

highest yield in the “middle”. This is not the case and does not correspond to reality. Figure 

5 (b) describes experimental data much more than (a). It illustrates that for 238U there is a 

higher probability to receive an asymmetric mass-split for low energies, and a symmetric 

mass-split for high energies. There are three main ways for the nuclei to split: one is the 

standard 1 (S1) where the nuclear shape is asymmetric, the second one is standard 2 (S2) 

which is even more asymmetric and the last is the super long (SL) where the neck is really 

long and the mass distribution is symmetric. 

When adding more energy not only is there a higher chance of producing same-mass 

fragments, it also increases chances of so called second-chance fission and third-chance 

fission. Second-chance and third-chance fission occurs when a nucleus is too excited that it 

emits a neutron before it can even undergo a fission reaction. Figure 6 is a representation 

of at which energies second-chance and third-chance fission occurs for neutron induced 

fission of 235U.  

 
Figure 7: Shows the probability of first-chance fission (full red line), second-chance fission (dashed purple 

line) and third-chance fission (dot-dashed blue line) for 235U(n,f) [9] 

 

3. Method 
 

3.1. Working process 

This project consists of three major part: 

 Simulating the fission reaction 

 Use the data from the simulation to plot the desired graphs 



 Interpret and compare the graphs with experimental data 

It was from these three steps that the working process was shaped. However before the 

simulations and the plotting, it was necessary to have an understanding of the fission 

process. Before the project even began, the focus was to become familiar with the field.  

Once the pre-studying was done, it was time for the simulations. This was done with the 

software GEF. 

 

3.2.  GEF (A General Description of Fission Observables) 

GEF is a simulations software by Schmidt & Jurado [1]. The software was created to make 

it more accessible for scientists to simulate and understand the fission process. Figure 8 

shows the interface of the software, by entering the values for the desired reaction the 

program runs a simulation which gives out a huge amount of information. GEF uses a 

Monte Carlo method, which means that it uses random sampling to acquire numerical 

results. With that information it is possible to plot the reaction in a plotting tool such as 

MATLAB. 

The reactions and their energy levels were chosen because the division of applied 

physics at Uppsala University, has performed the fission reactions experimentally at IGISOl. 

For this project, 100k events for each reaction were simulated in GEF. The reactions that 

was performed were the following: 

 

Reaction  Energy (Mev)  

Neutron + 238Np = 239Np*  En = 15, 25, 35  

Proton + 238U = 239Np*  Ep = 15, 25, 35  
239Np*  E* = 20, 30, 40  

Neutron + 232Pa = 233Pa*  En = 15, 25, 35  

Proton + 238Th = 233Pa*  Ep = 15, 25, 35  
233Pa*  E* = 20, 30, 40  

Table 2: Six different fission reactions to be simulated using GEF, where En is the neutron energy, Ep is the 

proton energy and E* is the excitation energy 

 

 
Figure 8: The interface of GEF 



3.2.1. Neutron induced fission on 238Np 

Each fission reaction performed during this project consists of three different simulations, 

the varying factor is the energy that the neutron or proton carries. Each reaction is 

simulated at 15, 25 and 35 MeV. As seen in figure 7, second- and third-chance fission will 

occur at these energies. The first simulation to be done is the neutron induced neptunium-

238 fission. Once the desired values has been entered into the GEF interface, it will give 

out the following information (among others): 

 Pre-neutron emission mass yields  

 Post-neutron emission mass yields  

 Prompt fission Neutron emission  

 Prompt fission Gamma emission  

 Isomeric yields  

 Independent fission yields  

 Fission modes 

 

3.2.2. Proton induced fission on 238U 

Uranium has the atomic number 92 and neptunium has the atomic number 93. Once the 

isotope 238U receives an extra proton, it will enter an excited state of neptunium-239. The 

same way that the neutron induced fission had three different energy levels to be simulated, 

the proton induced does as well.  

3.2.3. Compound nucleus fission of 239Np* 

GEF has the option to simulate the fission process of the excited state of a nuclide directly. 

It simulates the excited state of the compound nucleus as if it had fissioned spontaneously. 

It is however not as easy as one would initially think. Since it is not known whether it was a 

proton or a neutron induced fission, it is necessary to know the ground-state spin and the 

center of mass energy of the nucleus. This is to determine the compound nucleus (CN) 

spin, it can be calculated using the following equation [9]: 

𝐽𝐶𝑁 =  √𝐽0
2 + (

1

2
)

2
+ (0.1699𝐴

1

3√
𝐸𝑐𝑚

𝑀𝑒𝑉
)

2

 (3) 

Table 2 shows that the energies in the CN fission differ from the neutron and proton 

induced fission reactions. This is because the mere absorption of a particle increases the 

excitation energy about 5 MeV due to the gain in binding energy. Thus when simulating the 
239Np*, those 5 MeV need to be taken into consideration.  

 

3.2.4. 232Pa(n,f), 232Th(p,f) and 233Pa*(f) 

Once the neptunium and uranium reactions have been simulated and plotted, there will be 

another set of reactions: Protactinium and Thorium fission. These will be simulated the 

same way as the previous set of reactions were. 

  

3.3.  MATLAB 

Once the fission reactions has been simulated using GEF, they need to be plotted in a 

graph. This could be done in a plotting tool such as MATLAB. There are two kinds of main 

plots: different compound nucleus and different excitation energies. The first kind of plots 

show the difference between different induced fission reactions but with the same energy. 



Since the neutron induced reaction with 238Np and the proton induced reaction with 238U 

both become 239Np*, it is interesting to understand the variations that occur when 

comparing with the same energy levels. The second type of plots will use the same reaction 

but will have all three different energy levels in the same figure. All reactions will have three 

energy levels simulated and how the values vary with respect to energy is interesting to 

study. 

 

4. Results 

 
4.1.  238Np(n,f) 

The resulting pre-neutron and the post-neutron emission mass yields, can be seen in figure 

9a and 9b. The figures illustrates how the mass-yields vary with the excitation energy. For 

15 MeV there is clearly a higher mass-yield for one light and one heavy fragment. However 

when increasing the energy levels the curve shifts and the probability for two elements of 

the same mass increases. It is although still in in favor of two different elements. 

Another notable observation is that the width of the distribution remain nearly constant. 

Experimental data have shown broadening effects of the yield distribution as the particle 

energy increases [10]. 

 

Figure 9: Mass-yield distribution of 238Np(n,f) for (a) pre- and (b) post-neutron emission 

To determine the independent mass-chain yields four mass numbers were chosen, one on 

each side on the peaks of figure 9a and 9b. The mass numbers that were chosen were 

A=97, A=109, A=130 and A=140. The resulting figures of 10a-d, shows how each fragment 

was affected by the energy changes. There are two things that stands out in these figures: 

firstly is that for A=97 and A=144 their peaks are always as at the same atomic number, 

and secondly is that for A=109 and A=130 the peak shifts. This might indicate that they are 

effected by all three S1, S2 and SL modes, and that different contributions lead to different 

population of the independent fission yields. A=97 and A=144 are mostly populated by S2 

only, therefore the trends might look simpler. Another notably observation is that for A=109 

the 15 MeV is the lower than 25 and 35 MeV. This seems to be the case only for A=109. 



 

Figure 10: Independent mass-chain yields for different mass numbers at different excitation energy. (a) A=97, 

(b) A=109, (c) A=130 and (d) A=144 

Depending on what fragments are produced in the fission process, it will affect the neutron 

and the γ-ray multiplicity. Figures 11a and 11b shows how the multiplicity of neutrons and 

γ-rays changes with the atomic mass number as well as the excitation energy. For the 

neutron multiplicity all three curves have roughly the same shape, it is only shifted up when 

adding more energy. This happens because at higher energies, there is more available 

excitation energy for neutron emission. The same thing can be seen in the γ-ray multiplicity 

figure as well. The one thing that does stand out in both plots however is the dip at A=115 

for 15 MeV. This does not occur for the higher energies and seems to smear out. 

The sawtooth behavior of the γ-rays multiplicity in figure 11b, seems to be less 

pronounced and it has been questioned if it exist. Different experiments performed by other 

authors have reported different results [11]. 



 

Figure 11: (a) Neutron- and (b) γ-ray multiplicity as a function of mass number for 238Np(n,f) 

The neutron multiplicity does obviously change as a function of the atomic mass number 

which is seen in figure 11a, and how probable it is for a number of neutrons to be emitted 

can be seen in figure 12. Figure 12 shows how many neutrons are emitted for light and 

heavy fragments at 15, 25 and 35 MeV. It is much more probable for them to emit two or 

three neutron rather than six or seven. What one can see is that the extra neutron emission 

at higher excitation comes mainly from the heavy fragments, which is attributed to the so-

called "energy-sorting mechanism" 

 

Figure 12: Multiplicity distribution of light and heavy fragment from 238Np(n,f) 

  



4.2. 238U(p,f) 

Figure 13a and 13b shows the resulting mass-yield of the pre-neutron and the post-neutron 

emission. As can be seen in the neutron induced fission, at lower energies there is a higher 

probability of asymmetrical fragment distribution. What is notably in this case however is the 

35 MeV curves, they show that there is almost an equal chance of symmetric and 

asymmetrical fragment distribution. This indicates that the neutron and proton induced 

fission have different properties which result in different fragments. 

 

Figure 13: Mass-yield distribution of 238U(p,f) for (a) pre- and (b) post-neutron emission 

 

The same four mass numbers that were picked in the neutron induced fission, were also 

chosen for the proton induced fission and the results can be seen in figure 14a and 14b. As 

they previously showed, the A=97 and A=144 had the same peak position for the most 

probable element for all three cases. It was only for A=109 and A=130 where a shift could 

be observed. This was the case for all simulations and from this point forward only one 

figure from each category will be displayed: A=97 and A=130.  

 

 

Figure 14: Independent mass-chain yields for different mass numbers at different excitation energy. (a) A=97, 

(b) A=130 



The resulting neutron and γ-ray multiplicity does once again follow the roughly the same 

path which is observed in figure 15a and 15b. However once again there is a dip at A=115 

that only occurs for 15 MeV. This seems to occur not only for the n-induced fission but also 

for the p-induced fission. It is probably a fragment shell effect which gets smeared out as 

new fission channels open.  

  

Figure 15: (a) Neutron- and (b) γ-ray multiplicity as a function of mass number for 238U(p,f) 

Figures 16a and 16b, illustrates how the neutron- and γ-ray spectrum is changed with 

respect to the energy level. As can be seen there are only small differences between the 

curves and they are most notable at the peak positions. At higher neutron- and γ-ray 

energies, the curves are almost identical shape. This was the case for the other simulations 

as well where very small differences could be observed between the reactions. 

 

 

Figure 16: Spectrum of prompt (a) neutrons and (b) prompt γ-rays 

  



4.3.  239Np*(f) 

For the three different energy simulations of 239Np*, the following CN spins were calculated 

from equation (3): 4 for 20 MeV, 5.5 for 30 MeV and 6 for 40 MeV. The resulting figures 

had all a much closer resemblance to the proton induced fission of 238U rather than the 

neutron induced fission of 238Np. That was quite interesting and was thought to come from 

that the ground-state spin of uranium was used. This did not seem to be the case however 

which can be seen in figure 17, where the 239Np*(f) was simulated using the ground state 

spin of uranium (yellow line) and the ground state spin of neptunium (purple line). Even at a 

CN spin difference of 2, the reaction still resembles the proton induced fission more. 

 

Figure 17: Mass-yield distribution for 238Np(n,f), 238U(p,f), 239Np*(f) with CN spin 6 and  239Np*(f) with CN 

spin 6.5 

As can be seen in figure 18, the n-induced fission has a lower number of pre-fission 

neutrons. Not only that but the (n,f) channel emits protons which is not done in CN and very 

little in (p,f) channels. So the missing fraction in the graph of (n,f) is due to pre-fission 

proton emission, which means that in (n,f) we have another fissioning nucleus compared to 

(p,f) and CN in some cases. The integral of (p,f) and CN is 99.99 % but for (n,f) it is 88 %, 

so 12 % of the data in (n,f) are a different element fissioning. This could explain the 

difference between the (p,f) and (n,f) and the fact that they grow as a function of excitation 

energy. 

 



Figure 18: Shows the pre-fission neutrons at 35 MeV for  238U(p,f),  238Np(n,f) and 40 MeV for 239Np(n,f) 

Table 3 shows the fission modes for the uranium and neptunium reactions. The three 

reactions all seem to follow the same trends where, SL yield increases with respect to the 

energy while S1 and S2 yield decreases. 

Reaction Particle energy 
(MeV) 

SL yield (%) S1 yield (%) S2 yield (%) 

 

238Np(n,f) 
 

15 
25 
35 

13.59 
33.22 
47.08 

6.199 
3.89 
2.597 

79.28 
62.33 
49.94 

 

238U(p,f) 
15 
25 
35 

12.99 
39.05 
57.4 

5.884 
3.428 
2.015 

80.23 
57 
40.3 

 Excitation 
energy (MeV) 

   

 

239Np*(f) 
20 
30 
40 

12.84 
40.02 
59.98 

5.929 
3.395 
1.925 

80.28 
56.08 
37.83 

Table 3: Fission modes at 15, 25 and 35 MeV for 238Np(n,f), 238U(p,f) and 239Np*(f) 

Table 4 shows the fission modes for the thorium and protactinium reactions. It seems to 

agree with the previous table which also had SL yield increase with respect to the energy 

while the S1 and S2 yield decreases. 

Reaction Particle energy 
(MeV) 

SL yield (%) S1 yield (%) S2 yield (%) 

 

232Pa(n,f) 
 

15 
25 
35 

20.23 
39.73 
53.18 

1.519 
1.292 
1.037 

78.11 
58.88 
45.71 

 

232Th(p,f) 
15 
25 
35 

20.96 
44.23 
61.39 

1.612 
1.197 
0.7631 

77.27 
54.43 
37.79 

 Excitation 
energy (MeV) 

   

 

233Pa*(f) 
20 
30 
40 

20.89 
45.95 
64.21 

1.638 
1.255 
0.7571 

77.32 
52.71 
34.97 

Table 4: Fission modes at 15, 25 and 35 MeV for 232Pa(n,f), 232Th(p,f) and 233Pa*(f) 



4.4.  Same energies with different compound systems (232Pa, 232Th and 233Pa*) 

Instead of observing the variations of different energies in the same compound system as the previous sections did, this section will 

present the variations between the compound systems. This was done for neptunium and uranium as well as for the protactinium 

and thorium reactions, although only the latter will be presented and discussed.  

The resulting variations of the pre-neutron as well as the post-neutron mass can be seen in figures 19a-f. The differences at 15 

MeV are almost non-existent, it is not until 25 MeV that the variations start to show. At 35 MeV an interesting phenomenon occurs, 

the proton induced fission resemble the CN fission much more than the neutron induced does. This seems to be the case for both 

the pre-neutron and the post-neutron mass yield. 

 

 
Figure 19: Mass-yield distribution at 15, 25 and 35 MeV of 232Pa(n,f), 232Th(p,f) and 233Pa*(f) (a-c) pre- and (d-f) post-neutron emission 



For the 15 MeV simulations, GEF did not produce values for the A=109 isomer. Thus the A=111 was chosen instead to determine 

how the independent mass-chain yield varies for different compound systems. The A=111 isomer had a close resemblance with the 

A=109 where the peaks shifted at different energy levels. The resulting differences with different compound systems for the A=97 

and A=130 can be seen in figures 20a-f. As the figures show, there are very small differences between the systems. However they 

all have the same peaks, there does not seem to be any shifts between the systems. 

 

 

Figure 20: Independent mass-chain yields for (a-c) A=97 and (d-f) A=130 at different excitation energy. 



For the neutron multiplicity it seems that the dip appears at 15 MeV for this set of reactions as well. It appears in all three compound 

systems but seems to be lower for the proton and CN fission reactions. However for the γ-ray multiplicity the dip is not quite as 

noticeable. Instead of a clear dip, it has a less steep slope than 25 and 35 MeV does. These differences can be seen in figure 21a-f, 

which illustrates the γ-ray and neutron multiplicity for the different compound systems. 

 

 

Figure 21: (a-c) Neutron- and (d-f) γ-ray multiplicity as a function of mass number for 232Pa(n,f), 232Th(p,f) and 233Pa*(f) 



The prompt neutron multiplicity from heavy and light fragments seen in figures 22a-c, show close similarities between the 

compound systems. However once again it is possible to see that the proton- and CN fission have a greater resemblance. They are 

almost identical not only for heavy and light fragments but also at the different excitation energies. The neutron induced fission on 

the other hand seems to differ from the other two reactions, which can be seen quite clearly at 35 MeV where its peak is shifted 

relative to the others. 

 

Figure 22: Multiplicity distribution of light and heavy fragment from 232Pa(n,f), 232Th(p,f) and 233Pa*(f) at (a) 15 MeV, (b) 25 MeV and 35 MeV (c)  

  



 

The resulting isomeric yield ratio for a few elements from the three compound systems, can be seen in figures 23a-c. These show 

the ratio of 232Pa and 232Th relative to 233Pa*, for yttrium with mass number A=97, palladium with A=111, Tin with A=130 and 

praseodymium with A=144. The ratio is defined as  
𝑌𝑖𝑠𝑜𝑚

𝑌𝑖𝑠𝑜𝑚+𝑌𝑔𝑠
.  

As the figure shows the isomeric yield differs quite much for different elements but also with the excitation energy. The one 

element out of these four that seems to be the same for all the compound nucleus, is the heaviest. The isomeric yield ratio for 

praseodymium does almost always equal one at these energy levels.  

 

Figure 23: Ratio of isomeric yield relative to 233Pa*(f) at (a) 15 MeV, (b) 25 MeV and (c) 35 MeV 

 

Mass number (A) Atomic number (Z) Ground state spin () Isomer spin () Excitation energy of 
the state(MeV) 

97 
111 
130 
144 

39 
46 
50 
59 

0.5 
2.5 
0 
0 

4.5 
5.5 
7 
3 

0.6675 
0.17218 
1.9469 
0.05903 

Table 5: Shows which mass numbers, atomic numbers, spin and excitation energy of the states that were chosen for the isomeric yield.



4.5. Comparison with experimental data 

Experimental data from Simutkin et al [13] are shown in figure 24 for the 238U(n,f) 
reaction at 33 MeV. The experiment used neutron induced fission on 238U, while the 
simulation was performed with proton induced fission. The motivation for using 
different particles is to investigate the difference in the fission yields, if a proton is 
used instead of a neutron on 238U. Given that the excitation energy is roughly the 
same. 

Their differences can clearly be seen in the figure where the n-induced fission has 

a higher chance of producing an asymmetric fragment distribution. The p-induced 

fission however has roughly the same chance of symmetric and asymmetric 

fragments distribution. The experimental data seems to resemble the 25 MeV GEF 

simulations in the (p,f) channel more. Their differences seems to depend on the 

particle energy and less dependent on the fact that one is n-induced and the other p-

induced fission. 

 

Figure 24: Mass-yield distribution of simulated 238U(p,f) and experimental 238U(n,f) 

The isomeric yield at 25 MeV was also compared to experimental data. The data 

came from the division of applied nuclear physics at Uppsala University [12], 

obtained using proton induced fission on both 238U and 232Th. As figure 25 shows the 

experimental data for both Tin and Yttrium vary from the simulated data. The three 

simulated reactions seems to all have roughly the same isomeric yield, but the 

experimental result is not close at all.  

 

Figure 25: Isomeric yield at 25 MeV for simulated 232Th(p,f),  232Pa(n,f) 233Pa(n,f) and experimental 
232Th(p,f) 



5. Discussion 

The main task of this project was to compare how neutron and proton fission differs in GEF. 

The focus was to understand how the mass-yield, neutron emission, γ-ray emission, 

isomeric yields and independent mass-chain yields change depending on what the 

incoming particle is. However not only which particle that induces the fission was interesting 

to study, but also the energy dependence. 

The mass-yield distribution of pre- and post-neutron of the different compound systems 

which can be seen in figures 19a-f, show that the proton induced fission is closer to the CN 

fission than the neutron induced is. That was the case for both set of simulations, and even 

when using the spin of neptunium on the CN fission it is still closer to the proton induced. In 

fact the CN spin did not even affect the result with 2 difference which was seen in figure 

17. This is possibly caused by different treatment of pre-fission particle emission between 

the different channels as seen in figure 18. The (n,f) channel emits a greater number of pre-

fission protons than (p,f) and CN channels do. That will result in another fissioning nucleus 

in some cases which the (p,f) and CN also do, but in their cases it is always the same 

element fissioning. It might also have to do with GEF, in the output file it is written that for 

the p-induced fission and CN fission pre-compound processes are not considered. It is 

however considered in n-induced fission. 

Figures 9a-b and 13a-b all show the same changes in mass-yield distribution when 

increasing the particle energy. The probability for asymmetric fragment distribution 

decreases while probability for symmetric fragment distribution increases. This indicates 

that the simulations of GEF agrees with the theory from figure 5b. This was seen on the 

second set of simulations as well, however with this case the chances of same-mass 

elements were even higher. 

The independent mass-chain yield did not differ very much between the different 

compound systems. There were no noticeable differences, however with respect to the 

energy some interesting result were acquired. For A = 97 and A = 144, the peaks always 

remained the same, this was not the case for A = 109 and A = 130. Their peaks shifted and 

might be because of the fission modes. A = 109 and A = 130 is located in the inner part of 

the mass-yield curve, the elements there are all effected by the three main fission modes. 

The outer elements of the curve is not effected by all three which might indicate why the 

peak for the independent mass-chain yields at A = 97 and A = 144 stays the same. 

The neutron- and γ-ray multiplicity for the different compound systems also showed that 

the p-induced fission resembles the CN more than the n-induced fission. Although a small 

difference it is noticeable and seems to not only agree for uranium but also for thorium. 

Another noticeable observation is the dip at around A = 115 at 15 MeV, which then smears 

out at greater energies. The γ-ray multiplicity shows a sawtooth structure similar to the 

neutron multiplicity. 

The result show that the neutron multiplicity from heavy and light fragments are most 

likely one, two or even three. The figure shows close similarities between the compound 

systems. However once again it is possible to see that the proton- and the CN fission have 

a greater resemblance. And by analyzing the energy dependence, it is clear that the curves 

shift. 

Finally the comparison with the experimental data is performed. The mass-yield 

distribution for the simulated proton induced fission, seems to differ significantly. One could 

argue that the difference comes from the fact that one is n-induced and the other p-induced, 



however there was not that much of a difference when comparing the different compound 

nucleus. It is more likely that the difference comes from the energy because the 

experimental data shows a much closer resemblance to 25 MeV. 

As for the isomeric yield ratio that was also analyzed, the ratio relative to the CN fission 

is larger for the experimental data compared to the simulated ones. It is the case for both 

Yttrium with A = 97 and Tin with A = 130.  

 

6. Conclusion 

This project had a main focus: to study and analyze the difference between proton induced 
fission and neutron induced fission in the GEF code. Another interesting task was to further 
the understanding of fission when inducing the nucleus with different energies. After all 
simulations were done one interesting observation stood out: the proton induced fission 
behaves much like the CN fission and differs to neutron induced. It was expected that all 
three reactions show similar effects since the same compound nucleus is formed. However 
probably due to the pre-fission particle emission this is not fully true.  

The energy dependence on the fission process turned out to be as expected. The mass-

yield behaved as expected where the probability for same-mass fragments are more likely 

at higher percent. The dip at 15 MeV in the neutron and γ-ray multiplicity is only visible at 

this energy, it seems to be energy dependent and smoothens out at higher energies. The 

dip is not fully understood, but is an occurrence for all reactions which would indicate that it 

is a physical phenomenon and not a statistical error. 

The independent mass-chain yield, show two different cases: the first one is when the 

position of the peaks stay the same which were the cases for A = 97 and A = 144. The 

second case is when the peaks position shift which happened for A = 109 and A = 130. 

This is probably due to that they are effected by all three S1, S2 and SL modes, and that 

different contributions lead to different population of the independent fission yields. 
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