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Abstract 

 In a world with ever increasing energy demands there is high desire for 

sustainable and clean energy sources that would potentially reliably replace the 

currently depleting placeholders (oil, coal, natural gas etc.). An endeavor in this scope 

that shows interesting potential is the development of new generation nuclear reactors 

(Generation IV Reactor and Accelerated Driven Systems) which, amongst other 

significant advantages (safer, more fuel efficient), could allow the utilization of 

extremely abundant 𝑇ℎ232  as fuel, providing a long-term solution to the upcoming 

energy crisis. Research on such systems is still on early phase, where Monte Carlo 

techniques are used to predict their performance in different configurations and 

conditions. These techniques heavily rely on existing nuclear data for their precision. 

This argument, along with the fact that 𝑈234  is an important part of the 𝑇ℎ232  cycle 

and combined with the huge discrepancies in the already existing fission cross section 

data in the energy region between 0.4 and 0.9 MeV, triggered the inspiration of this 

thesis which is to measure the fission cross section of 𝑈234  in the aforementioned 

energy region.  

 The experimental procedure was carried out at the newly upgraded Tandem 

accelerator laboratory of Tandem van de Graaff 5.5 MV at N.C.S.R. ‘Demokritos’ 

(Greece) with a quasi-monoenergetic neutron beam produced via the 7Li(p,n) reaction. 

The experimental setup included an aluminum chamber, in which the 234U, as well as, 

the reference 235U targets were placed in back to back positions. In order to detect the 

fission fragments created during the experiment, Micromegas detectors were placed in 

each side of the target setup. The aluminum chamber was also filled with a mixture of 

Ar and CO2 gas, with the later acting as quencher.  

 After the experimental process, the resulting spectra were analyzed and the 

yield of the fission fragments for 10 different neutron energies was extracted. 

However, before the final calculations, the yields had to be corrected for various 

effects like the detector dead time, the secondary neutrons produced due to the 7Be 

first excited state, the shift to the effective measured energy due to the expected steep 

rise of the 234U cross section in the particular energy region and others that will be 

thoroughly presented and discussed in this work along with the final results and the 

future prospects. 
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Περίληψη 

Σε έναν κόσμο με ολοένα αυξανόμενες ενεργειακές απαιτήσεις υπάρχει 

μεγάλη και επείγουσα ανάγκη για βιώσιμες και καθαρές πηγές ενέργειας που θα 

μπορούσαν δυνητικά να αντικαταστήσουν αξιόπιστα τους σημερινούς διαθέσιμους 

πόρους (πετρέλαιο, άνθρακας, φυσικό αέριο κ.λπ.). Μια προσπάθεια σε αυτό το πεδίο 

που δείχνει ενδιαφέρουσες προοπτικές είναι η ανάπτυξη πυρηνικών αντιδραστήρων 

νέας γενιάς (Generation IV Reactor και Accelerated Driven Systems) που, μεταξύ 

άλλων σημαντικών πλεονεκτημάτων (μεγαλύτερη ασφάλεια, καλύτερη απόδοση 

καυσίμου), θα μπορούσαν να επιτρέψουν την αξιοποίηση του εξαιρετικά άφθονου 

𝑇ℎ232  ως καυσίμου, παρέχοντας μια μακροπρόθεσμη λύση στην επερχόμενη 

ενεργειακή κρίση. Η έρευνα σε τέτοια συστήματα βρίσκεται ακόμη σε πρώιμο 

στάδιο, στο οποίο χρησιμοποιούνται τεχνικές Monte Carlo για την πρόβλεψη της 

απόδοσής τους σε διαφορετικές συνθήκες. Αυτές οι τεχνικές βασίζονται για την 

ακρίβεια τους σε μεγάλο βαθμό στα υπάρχοντα πυρηνικά δεδομένα. Αυτό το 

επιχείρημα, μαζί με το γεγονός ότι το 𝑈234  είναι σημαντικό μέρος του κύκλου του 

𝑇ℎ232  και σε συνδυασμό με τις τεράστιες αποκλίσεις στα ήδη υπάρχοντα δεδομένα 

της ενεργού διατομής σχάσης στην ενεργειακή περιοχή μεταξύ 0.4 και 0.9 MeV, 

αποτέλεσε την αφορμή αυτής της έρευνας, στόχος της οποίας είναι η μέτρηση της 

ενεργού διατομής σχάσης του 𝑈234 . 

Η πειραματική διαδικασία πραγματοποιήθηκε στις πρόσφατα αναβαθμισμένες 

εγκαταστάσεις του ΕΚΕΦΕ «Δημόκριτος» με μια οιονεί μονοενεργειακή δέσμη 

νετρονίων που παράγεται μέσω της αντίδρασης, 7Li(p,n). Η πειραματική διάταξη 

περιελάμβανε έναν θάλαμο αλουμινίου, στον οποίο τοποθετήθηκαν ο στόχος 𝑈234  

καθώς και ο στόχος αναφοράς 𝑈235 . Προκειμένου να ανιχνευθούν τα θραύσματα 

σχάσης που δημιουργήθηκαν κατά τη διάρκεια του πειράματος, τοποθετήθηκαν 

ανιχνευτές Micromegas σε κάθε πλευρά της διάταξης στόχου. Ο θάλαμος αλουμινίου 

ήταν επίσης γεμάτος με ένα μείγμα αερίου Ar και CO2, με το τελευταίο να λειτουργεί 

ως καταστολέας καταιγισμού ηλεκτρονίων. 

Μετά την πειραματική διαδικασία, τα φάσματα που προέκυψαν αναλύθηκαν και 

εξήχθηκε ο συνολικός αριθμός γεγονότων σχάσης για 10 διαφορετικές ενέργειες 

νετρονίων. Ωστόσο, πριν από τους τελικούς υπολογισμούς, τα καταμετρημένα 

γεγονότα σχάσης έπρεπε να διορθωθούν για διάφορα φαινόμενα, όπως ο νεκρός 

χρόνος του ανιχνευτή, τα δευτερεύοντα νετρόνια που παράγονται λόγω της πρώτης 

διεγερμένης κατάστασης του 𝐵𝑒7 , η μεταβολή στην ουσιαστική ενέργεια μέτρησης 

λόγω της αναμενόμενης απότομης ανόδου της ενεργού διατομής του 𝑈234  στη 

συγκεκριμένη ενεργειακή περιοχή και άλλα που θα παρουσιαστούν διεξοδικά μαζί με 

τα τελικά αποτελέσματα και τις μελλοντικές προοπτικές της παρούσας εργασίας. 
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1. Introduction 
 

In the scope of this thesis the fission cross section of 𝑈234  was measured in the 

energy range between 𝐸𝑛 = 0.4 ∧ 0.9𝑘𝑒𝑉 via an experimental process carried out at the 

5.5 MV Van der Graff accelerator of the Institute of Nuclear and Particle Physics at 

NCSR Demokritos, using the neutron producing reaction 𝐿𝑖(𝑝, 𝑛) 𝐵𝑒77 . In this 

chapter, the general motivation along with the arguments in favor of these 

measurements will be presented. 

 

1.1 Motivation  
 

The first quarter of the 21st century has been met with huge and rapid 

technological advancement offering ease of life, plethora of commodities and 

solutions to a variety of problems that humanity faced in the past. However, as 

nothing comes without its price, this has also resulted in continuously and also 

alarmingly increasing energy demands. Up to now the most common energy sources 

are the combustion of fossil fuels (oil, coal, natural gas etc.), renewable energy 

sources (wind power, solar power, bioenergy, hydroelectric) and finally nuclear 

fission. Fossil fuels have been the main source of power generation since the 

Industrial Revolution and, as of today, they cover over 50% of the total worldwide 

demands. However, they are accompanied with two major drawbacks. First of all, 

combustion emissions from fossil fuel release 𝐶𝑂2 into the atmosphere, indirectly 

causing global warming through the greenhouse effect they incur. Moreover, fossil 

fuel are non-renewable and through current predictions, are expected to start running 

out by 2050.  

For the reasons stated above, there have been significant transitional 

movements by countries worldwide to shift towards greener energy sources. 

Renewable energy sources, such as wind or hydroelectric power, seem good 

alternatives for the environmental issue, since, if used correctly, they have little to 

none negative impact. However, in their current technological state, they are 

inadequate and incapable of single-handedly meeting the needs of the world of today 

and the even more demanding world of tomorrow. Since our options are limited, it is 

only logical to consider the use of nuclear power for the future. At its current state, 

nuclear power has several constraints hindering a possible large- scale development.  

First of all, there is the matter of safety. Most reactors currently in operation 

function in critical mode, meaning that for each fission induced, only one produced 

neutron will induce a subsequent fission event, thus keeping the chain reaction in 

check. If, for any reason, this ratio of produced to fission inducing neutrons changes, 

the reactor goes into a super critical state, during which the released energy increases 
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uncontrollably along with the temperature levels, possibly causing a severe nuclear 

accident if not stopped. Moreover, there is the case of fuel. Standard reactors generate 

energy mostly from the fission of 𝑈235  which is only a small fraction in the isotopic 

composition of natural Uranium ( 99.3% 𝑈238 , 0.7% 𝑈235  and some traces of 𝑈234  ) 

and since the supply of Uranium ore is limited, nuclear fuel is considered a non-

renewable resource, with at best a few hundred years life expectancy. Last but not 

least, during power production in a nuclear plant, highly radioactive wastes are 

generated imposing a great challenge for the viability of nuclear power as a steady 

source. These wastes, include elements with very high half-lives, like Plutonium, as 

well as active actinides and fission fragments. Due to their activity, nuclear waste 

needs to be kept away from biological systems for the total of their active life.    

To overcome these drawbacks in an otherwise very promising energy source, 

many interesting research proposals are currently ongoing, one of them being the 

development of Generation IV nuclear reactors. A very promising case in this field is 

the Accelerator Driven Systems, or ADS, which consist of reactors operating at sub-

critical mode, with fast or thermal neutrons from an external source. These neutrons 

are usually generated by the spallation process on a respective target bombarded by a 

proton beam supplied from an accelerator. The main advantage of the ADS system is 

that neutron generation is directly dependent on the proton beam, effectively 

annihilating the risk of a reactor diverging to super-critical levels. In any potential 

accident or event, turning off the accelerator allows for the fission chain reaction to 

simply die out, making the whole setup far more secure than any other standard 

reactor. For the design of ADS systems, Monte Carlo techniques are used to predict 

their performance in different configurations and conditions. For these simulations to 

be precise, there is a dire need for accurate knowledge of the involved nuclear data, 

such as neutron cross-section values, especially for actinides actively involved in the 

Thorium cycle, such as 𝑈234 .  

 

1.2 Existing experimental data 

 

The existing experimental fission cross section data of 𝑈234  in the energy range 

of 𝐸𝑛 = 0.4 − 1𝑀𝑒𝑉, are presented in figure 1 and figure 2 along with the data from 

the four basic evaluated libraries ENDF/B-VIII.1 (Gustavo Nobre, 2024), JEFF-3.3 

(Plompen, 2020), JENDL-5 (O. Iwamoto, 2023) and CENDL-3.2 (Zhigang Ge, 2020). 

The presented data were extracted from the EXFOR library (Otuka, 2014) (V.Zerkin, 

2018) and constitute the sum of all published experimental data of the last 50 years 

(from 1970 and onwards). A general evaluation of the data, evidently shows that they 

are spread over a wide range of values that do not, as a whole, agree within 

experimental error, leading to noticeable and significant discrepancies. The core of 

the measured values consists of data from James et al. from 1970. 
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Figure 1: Experimental data for the fission cross section of 𝑈234  measured between the years 1970 and 2000 in 
comparison with the 4 major evaluated libraries. Data for the graphs were extracted from EXFOR. 

 

Figure 2: Experimental data for the fission cross section of 𝑈234  measured after the year 2000 in comparison 
with the 4 major evaluated libraries. Data for the graphs were extracted from EXFOR. 

 

In figure 2 the most recent experimental data (after 2000) are presented along 

with the evaluated libraries. Comparing all the datasets, we notice a general 

agreement within experimental error between the measured values of James et al. 

(James, 1976), Paradela et al (Paradela, 2010) and Tovesson et al (Tovesson, 2014). 
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with an exception in the energy range between 0.75 and 0.8 MeV, where the two latter 

measurements are systematically higher. A comparison between the three 

aforementioned measurements and the one by Karadimos et al. (Karadimos, 2014), 

shows even greater discrepancies, especially in the energy region of 0.7-0.9 MeV, 

where the fission cross section seems to be widely overestimated with respect to the 

rest of the values. Also, it should be noted that all the above measurements took place 

using the Time of Flight technique for determining the neutron energy.  

 

 

1.3 Fission process 

 
 

As fission we define the process during which, an unstable nucleus decays by 

emitting some particles and two lighter nuclei (fission fragments) (Νικολής, 2024). 

There are three types of fission based on the nature of the excitation: 

1. Nuclear fission due to a capture reaction 

2. Spontaneous fission 

3. Coulomb-induced fission 

In the first case, the target nucleus captures a particle, subsequently forming an 

unstable compound nucleus. The captured particle can be a proton, neutron, deuteron, 

a heavy ion or even a photon. De-excitation of the formed compound nucleus occurs 

by its separation into two lighter nuclei and by particle emission. The second case, 

spontaneous fission, is usually observed in heavy nuclei, and specifically in these 

heavier than Uranium (A > 232) , as a competing decay process to alpha or beta 

decay. Finally, a nucleus can also end up in an excited state after an inelastic 

scattering and decay through fission, a phenomenon that describes the third of the 

aforementioned cases. This particular study mainly focuses on the first case and 

specifically on the neutron- induced fission of 𝑈234  and 𝑈235 . 

The first interpretation of the fission process is based on the Liquid Drop 

Model, or LDM, first proposed by George Gamow and further developed by Niels 

Bohr, John Archibald and Lise Meitner. This theoretical model treats the nucleus as a 

charged  droplet of incompressible fluid with very high density and accounts 

accordingly for its bulk properties such as volume, surface tension and electrostatic 

repulsion. When energy is offered to the nuclear system, the initially assumed 

spherical nucleus stretches while maintaining its volume and forms an ellipsoid of 

revolution, characterized by a deformation parameter, ε. Based on the semi-empirical 

mass formula, the stability of the nucleus depends on two competing forces, the 

repulsive Coulomb force and the surface tension of the nucleus. While the nucleus 
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stretches, these two forces are modified differently with respect to ε . Initially, the 

surface tension outweighs the Coulomb repulsive forces, thus benefiting the nuclear 

structure as the difference in binding energy, ΔΕ, between the stretched and non-

stretched system is above zero. However, if adequate energy is offered (or if the 

nucleus stretches too much), the repulsive forces become dominant, surpassing the 

structure’s surface tension and allowing for the nucleus to be divided into two nuclei 

or fission fragments. The Liquid Drop Model, is an overall simplified approach, 

which initially failed to account for certain properties of the nuclei of the actinide 

family, such as the non-spherical shape of their ground state (permanent equilibrium 

deformation) and the general asymmetry observed in the fission fragments. Such 

properties were later explained using the Shell Model and by the introduction of the 

double humped barrier potential. Moreover, by modifying LDM for quantum 

mechanical barrier penetration, spontaneous fission can be explained for cases where 

the energy balance would normally prohibit it (Krane, 1988).  

The theoretical study of the fission process is still an ongoing endeavor of 

great interest, as there is still no unified theory capable of predicting fission cross 

section data. Instead, theoretical predictions mainly depend on phenomenological 

models modified accordingly to reproduce existing experimental data. As such, 

precise experimental cross section data are required to help improve the 

aforementioned models and potentially offer further insight on the fission  

phenomenon, as well as on the nuclear structure.  

 

 

3. EXPERIMENTAL SETUP 
 

3.1 The Accelerator 

 

 The fission experiment concerning this work, took place at NCSR Demokritos 

using the Van de Graaff Tandem 5.5 MV accelerator. This particular accelerator 

comprises of two ion sources at the beginning of the experimental line, the Van der 

Graaf generator and 7 different beam lines. In figure 3, the basic layout of the 

accelerator, along with its basic parts is presented.  
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Figure 3: Schematic representation of the basic layout of the Van de Graaff accelerator in NCSR Demokritos 

 

The first ion source is called SNICS (Source of Negative Ions by Cesium Sputtering) 

and is utilized for the creation of heavy negative ion beams (e.g. carbon or oxygen), as 

opposed to the second ion source, called TORVIS source (Toroidal Volume Ion 

Source), which creates light hydrogen and helium ions. 

 After their production via one of the aforementioned sources, ions pass 

through an inflector magnet of choice and towards a pre-accelerator tube. There, they 

accelerate to an initial kinetic energy of 60 keV. Through the use of electromagnetic 

lenses, the ions focus in a beam-like formation and enter the main accelerator tube. 

The van der Graaff generator located there, is continuously positively charged , thus 

creating a huge potential difference. Negative ions passing through, become attracted 

by the positive charge, while subsequently losing one or more electrons passing 

through a low-pressure stripping gas (nitrogen) and becoming positive ions. Through 

the existing electric field, the now positively charged ions get repelled and are 

directed to the analysis magnet, whose role is to shift the direction of ions having a 

specified by the user energy to 90𝑜. Finally, the created ion beam is directed to one of 

the seven beam lines by a switching magnet.  

 

3.2 The beam lines 
 

As mentioned in the previous paragraph, after the main acceleration takes 

place, ions of the chosen energy are separated via an analysis magnet and directed 

towards the corresponding beam line. The first part of the beam line, consists of two 

collimators made of tantalum material having holes of 5 mm and 6 mm in diameter 
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respectively. This collimator-antiscatterer set basically defines the angular distribution 

of protons in such a way, that the outgoing proton beam has a maximum of 5 mm in 

diameter and very little angle deviation from the beam line axis. This is made possible 

due to the fact that tantalum has a very high Coulomb barrier, thus favoring proton 

Rutherford (potential) scattering over all other proton-induced nuclear reactions.  

Moving on, after the collimator set, lies a Faraday cup used for the 

measurement of the total number of protons that ultimately reached the Li target. The 

Faraday cup, is basically an insulated from the rest of the line metal structure, where 

the beam ions stop and get counted by an ammeter connected to a current integrator. 

The ammeter can be set to certain scales, changing the analogy of charge per pulse. 

The total number of pulses are registered by a standard counter. In the end of the 

Faraday cup theLi target, where the (p,n) reactions are induced, is positioned. Behind 

the target there exists a water cooling system through a small hole in the supporting 

metal flange.  

 

3.3 The fission chamber 
 

The fission chamber used, was manufactured at CERN for the experimental 

needs of the NTUA. A photo of the chamber is presented in figure 4. The chamber 

consists of aluminum, is 28.5 cm long and 0.5 cm thick, with an outer diameter of 25 

cm and an inner diameter of 24 cm. In each side of the chamber, there are two bases 

which can lock airtight via screws in their periphery. On the bases, exists an 

aluminum ring, 10cm in diameter, with sockets on both the inner and the outer side, 

where the cables of the micromegas detectors and these of the electronic systems can 

be connected. In the middle of the base, there is a kapton window. Furthermore, there 

are also special sockets on the outer shell of the chamber from which the gas mixture 

of choice can enter the chamber in a steady flow controlled manually and regulated by 

a flowmeter. 
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Figure 4: Real life photograph of the fission chamber used in the experiment. 

 

One of the bases, also has special insulated pillars that enter the chamber. 

Using these pillars, one can set targets, masks and detectors at the distance of choice, 

as well as use spacers between them of different thicknesses to make sure the 

proximity of the various components remains unchanged during the experimental 

process.    

 

3.4 Micromegas detectors 
 

 The detectors of choice for the needs of this particular experiment are 

Micromegas detectors. The acronym “Micromegas” stands for Micro-Mesh Gaseous 

Structure, it describes a type of gaseous particle detector (Frisch grid) which operates 

via a combination of two successive electric fields, namely a relatively low one 

(which defines the drift region) and a very high one (which defines the avalanche 

region), separated by a copper wire micro-mesh. This type of detector was chosen for 

two main reasons. First of all, it provides high resolution for charged particle (fission 

fragment) detection with excellent resilience to the accompanied high alpha particle 

activity induced by the radioactive 234U target. Secondly, due to its compact size, it 

can easily fit into the chamber allowing for the study of multiple targets at once 

(figure 5).  
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Figure 5: Real life photograph of one of the Micromegas detectors used for the measurements. 

 

 In figure 6 a basic scheme with the geometry of a Micromegas detector is 

presented. As we can see, such a detector includes three electrodes (cathode or drift, 

mesh, anode or pad) which create 2 different regions, the drift area and the 

amplification gap. The operation of the detector, as indicated above, relies on the 

proper use of voltage in the three electrodes. When a charged particle (e.g. a fission 

fragment) enters the drift area, it ionizes the gas, creating positive charged particles, 

as well as free electrons along its track. With suitable voltage difference between the 

cathode and the mesh (in most applications the cathode is set in a negative potential of 

a few kV and the mesh is set in a negative potential of a few hundred Volt), the free 

electrons are accelerated towards the mesh and enter the next area through its holes. 

The anode is usually on ground potential. 
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Figure 6: Schematic representation of the basic layout of a micromegas detector (Attié, 2021). 

 

Although the potential difference in the amplification gap is smaller than in 

the previous region, the fact that it has much lower width (the drift region usually has 

a width of a few mm, while the amplification region has a width of a few μm), results 

in a much more intense electric field (magnitude of a few tens of kV/cm as opposed to 

a few hundred V/cm). Therefore, the ionization in this region is much more effective, 

resulting in an avalanche process creating pairs of electrons and positive ions. The 

former, are directed towards the pad and the latter towards the mesh. With the process 

described, the amplification of the initially weak particle signal is achieved in a high 

enough magnitude to enable its subsequent detection by the electronics system.  

One more variable crucial for the proper function of the Micromegas detectors 

is the choice of gas. In our case a mixture of 𝐴𝑟𝐶02 was used in a 80:20 ratio. Argon 

is a noble gas with a high ionization energy necessary to prevent unwanted ionizations 

from environmental factors. This way, the signal is kept clean and it is made sure that 

it corresponds to a particle of interest (in this case a fission fragment). Moreover, 

Argon is monoatomic, thus forcing the impinging particles to deposit energy mostly 

by the ionization process and less by causing oscillatory movements on the atoms. 

The 𝐶02 on the other hand plays the role of a quencher. By being an electronegative 

gas, it attracts a portion of the electrons generated by the avalanche process, keeping 

the process in check and preventing it from spiraling out of control.  

 

3.5 The Actinide Targets 
 

 In this experiment, two actinide targets in total were used, namely 𝑈234  and  

𝑈235 . In the experimental setup, 4 more actinide targets were placed, whose usage is 

not within the scope of this work. These targets were manufactured at INP Obninsk in 

Russia using the painting technique on an aluminum backing substrate, 100 μm thick.  
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Figure 7: Schematic (left) and real life (right) representation of the target and detector placement within the 
fission chamber. 

In figure 7, the basic layout of the targets inside the fission chamber, is presented. In 

front of each target (the side of each target that the beam reaches first is designated as 

being the “front” side in each case), masks made of aluminum are placed with an 

inner diameter of 3 cm and an outer one of 9 cm. This particular choice in the mask 

opening diameter has a dual value for the setup. First of all, through such an opening, 

the effective surface and mass of the target is reduced, thus avoiding potential 

increases in the detector dead-time due to high-activity targets such as the 𝑈234 . 

Secondly, this opening allows for an effective angular acceptance of  ±13𝑜, as will be 

described in more detail in the neutron production section.   

 

3.6 Neutron production  
 

The 𝐿𝑖(𝑝, 𝑛) 𝐵𝑒77  reaction on a thin natLiF target deposited on a Au substrate 

was used for the production of the neutron beam. Details on the target, as well as the 

characteristics of this particular reaction will be presented in the following 

paragraphs. 

 

 

 

3.6.1 The 𝐿𝑖(𝑝, 𝑛) 𝐵𝑒77  reaction 
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Neutron production in this experiment was achieved through the 𝐿𝑖(𝑝, 𝑛) 𝐵𝑒77  

reaction. This is a particularly common reaction, often employed to produce fast 

neutrons with energy up to 4 MeV. This endothermic reaction has a threshold of 1.881 

MeV with a two-angle value region deriving from its kinematics and extending 

energetically between the threshold and up to 1.92 MeV. Above 1.92 MeV, neutron 

production follows a mono-energetic trend up to the energy of 2.37 MeV, which is the 

energy threshold for the production of a secondary neutron family due to the 𝐵𝑒7  first 

excited state at 429 keV (Barschall, 1983). Based on theoretical and experimental 

studies of this reaction, the secondary neutron family produced, accounts for up to 

10% of the total neutron yield, based on the proton energy and up to 5.5 MeV. For 

proton energies beyond that, neutron production quickly loses its mono-energetic 

function due to the rapid increase in the yield of secondary neutrons, as well as due to 

additional problems such as the increasing yield of neutrons from three body break up 

reactions and also due to the appearance of further neutron families due to other 

excited states. Our region of interest consists of neutrons with energies between 450-

900 keV which corresponds to proton energies from 2.194 to 2.613 MeV. 

Specifically, 5 of our experimental points fall on the purely mono-energetic region 

and 5 on the region of secondary neutron production. As a result, the contribution of 

secondary neutrons needs to be accounted for, with the exact method being explained 

in the experimental data analysis section.  

Furthermore, another aspect that needs to be taken into account is the angular 

distribution of the energy of the neutrons produced via this method and especially in 

cases like ours where a mono-energetic beam needs to be achieved. Let us use as an 

example a case with the proton beam having an energy of 2.2 MeV. In this case, 

emission at 0 degrees produces 0.463 MeV neutrons in the laboratory system, 

reducing to 0.462, 0.458 and 0.451 MeV for 5, 10 and 15 degrees emission angle 

(Lieskin, 1975). From this information we observe that the difference in energy for 

different emission angles is not linearly proportional to the increase in the angle. For 

an angular acceptance of 5 degrees an energy width of only 1 keV is expected 

increasing to 5 and 12 for 10 and 15 degrees respectively. For our experiment, an 

angular acceptance of 10 degrees was initially planned as ideal in order to maintain a 

respectable reaction rate while minimizing the energy width of neutrons that induce 

the measured fission events. However, finally, a total of 13 degrees angular 

acceptance was decided in order to achieve a better proximity to the natLiF target and 

hence, a faster reaction rate in order to get more statistically reliable results. This 

angular acceptance was achieved by placing the fission chamber in such a distance so 

that the 𝑈234  target was at a total distance of 67 mm from the natLiF target, which 

creates an angular acceptance of 13 degrees in an area of 15 mm radius around the 

center of the 𝑈234 target. By using an aluminum mask in front of the 𝑈234  target with 

an opening of 15 mm in radius, we allow for the detection of fission fragments that 

only correspond to that particular uncovered area of the target (as any other fragment 

is stopped by the mask before reaching the first detector area) and, subsequently, of 

fission events induced by neutrons of the intended energy.  
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3.6.2 Neutron production – natLiF target 

.  

In order to produce the necessary neutron beam a natLiF target was placed on 

the center of the aluminum flange and in front of the proton beam. As far as the 

neutron production target is concerned, it consists of a natLiF hin layer evaporated on 

thick Au foil. The latter has a diameter of 19.2 mm and a total thickness, measured 

with a caliper, of 0.41 mm. Its surface density was measured using Nuclear Reaction 

Analysis (NRA) (Ziagkova, 2019) and was determined to be 56.78𝑢𝑔 𝑐𝑚2⁄ . 

Moreover, this target is quite old and was irradiated numerous times. As a result, it is 

expected that hydrocarbonates have been implanted through its prolonged usage, 

potentially affecting the energy straggling of protons inside it and subsequently the 

generated neutron beam. Thus techniques like NRA need to be applied to determine 

the extent of the content of such impurities. However by the time of the experiment 

and its analysis, no such study could take place, so another approach was decided on 

how to account for this effect, which will be discussed later on the experimental data 

analysis chapter. 

  

4. EXPERIMENTAL DATA ANALYSIS 
 

In total ten experimental points were measured via the experimental setup 

described in the previous chapters. Incident average neutron energy of each 

measurement was 𝐸𝑛 = 453,507,569,634,654,677,743,785,842 ∧ 902𝑘𝑒𝑉, chosen so as 

to cover the entirety of the energy region of interest. In this chapter some theoretical 

background on the concept of cross section will be presented, along with a detailed 

analysis on the method used to calculate the cross section of the 𝑈(𝑛, 𝑓)234  reaction 

Moreover, the various correction factors needed, will be explained and last but not 

least, the final results will be presented and discussed.  

 

4.1 Cross section 
 

In physics, the term “cross section” is used as a measure of the probability for 

a specific reaction process to occur between two particles. In a reaction experiment, 

the yield of a specific product can be calculated using the equation: 
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𝑌 = 𝑁 ∗ 𝜎 ∗ 𝐹*t 

(1) 

where: 

• Y =  the yield of a particular reaction product  

• N = the number of target nuclei 

• F = the beam flux used to induce the reaction measured in particles/cm2s 

• t  = the irradiation time  

• σ = the cross section for the reaction of interest measured in barn ( 1 b = 100 

fm2) 

 

The cross section mentioned above is also called “total cross section” as it indicates 

the total probability for a reaction to occur. There is a clear distinction between the 

total cross section and the differential cross section (dσ/dΩ) as the latter denotes the 

probability for a reaction to occur in a set angle θ. In theory, for isotropic reactions, 

integration of the differential cross-section over 4π steradian (which equals the entire 

3d space) should result in the total cross-section.  

 In this particular experiment, the reaction studied is neutron induced fission of 

𝑈234 ,so Y describes the number of fission events that occurred (or as will be 

explained the number of fission fragments detected) and F describes the impinging 

neutron fluence. The Micromegas detectors have a detection angle radius of 2π. 

However in practice this is not the case. When fission occurs, the produced fragments 

are ejected in antipodal trajectories rendering it impossible for two fragments to be 

detected simultaneously, as whenever one enters the gas (and therefore is detected), 

the other is absorbed in the target backing. As a result, although the detection angle 

doesn’t cover all 4π, all fission events are detected and so the eventually measured 

cross-section equals to the total cross-section for the fission reaction. Solving 

equation 1 for σ we get the following equality: 

𝜎 =
𝛶

𝑁 ∗ 𝐹 ∗ 𝑡
 

(2) 

The number of target nuclei, N, is usually either known or easy to measure with 

various techniques and the yield, Y, is measured by the detectors, so knowing the 

neutron flux, F, enables us to directly calculate the reaction cross-section using 

equation 2. This method is called absolute cross-section measurement.  

 In our experimental setup, unfortunately, there was no capability for time-of-

flight measurement and as a result there was no way to determine the exact neutron 

flux used in the experiment. Hence, a method called “relative cross-section 

measurement” was implemented instead. Specifically, another reference target was 
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also used, whose cross-section in the energy region of interest is well known and 

studied. This target is  𝑈235 . This way the cross-section for a specific incident neutron 

energy, E, can be calculated using equation 3. 

𝜎(𝐸) =

𝑌(𝐸)
𝑌𝑅𝐸𝐹(𝐸)

∗ 𝐹𝑅𝐸𝐹(𝐸)

𝐹(𝐸)
∗ 𝑁𝑅𝐸𝐹

𝑁

𝑡𝑅𝐸𝐹

𝑡
∗ 𝜎𝑅𝐸𝐹(𝐸) 

(3) 

In the equation above, the “REF” indicator denotes the corresponding values of the 

reference target. The only unknown parameter with this method is the ratio of the 

target and reference flux. The most important advantage of this method is the fact that 

this ratio can easily be calculated through Monte Carlo simulations, as it only depends 

on the geometry of the experimental setup. In our case, the target of interest and its 

reference were placed back-to-back so that the flux received by both was almost 

identical. This way, differences in the shape of the flux are expected to be negligible 

and within the experimental error range.   

 

4.2 Measurement of the target 𝑈234  mass 
 

 According to equation 3, two factors involved in the calculation of the cross 

section of interest are the nuclei number of the target 𝑈234  and the reference 𝑈235 . 

Another great advantage that the aforementioned method offers, is the fact that the 

exact number of nuclei need not be known, but only the ratio 𝑁235 𝑁234⁄ . To calculate 

this crucial ratio, α-spectroscopy was used. The experimental setup, as well as the 

method will be explained in detail in the following subparagraphs. 

 

4.2.1 Alpha counting experimental setup  

 

 The experimental setup used, consists of a D-chamber in which the target with 

its aluminum mask is placed in front of a Silicon Surface Barrier detector (SSB) set 

on a proper holder. The silicon detector is also connected to an electronics system 

which includes a pre-amplifier, an amplifier and an ADC. The setup can be seen in 

figure 7.  
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Figure 8: Experimental setup for α counting. 

 

Measurements of this kind typically need to take place in vacuum conditions which 

were made possible by a specialized rotary vacuum pump. Measurements result in 

spectra emitting a-particles of different energies. In the case of 𝑈234 , a- particles 

having energies between 4.1 and 4.774 MeV are emitted, each with its own respective 

intensity. Due to the detector low resolution, the entirety of these detected α-particles 

appears as one broadened peak stretching from 3.9 to 5 MeV (see figure 9). 

Integration over this peak results in the calculation of the total number of α-particles 

emitted by the actinide. The total intensity of this emission is the sum of the 

intensities of all the included cases of α-particles, which amounts to 1 as it includes all 

the relative emission probabilities .  
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Figure 9: Spectrum that resulted from the α counting of 𝑈234 . 

 

 Furthermore, in the spectrum we observe the existence of additional peaks. 

These peaks need to be identified to account for any potential contamination of the 

target. After some investigation it was concluded that the peaks were due to the decay 

process of 𝑈232  which builds up naturally in 𝑈234  targets and does not affect the yield 

of the main peak of interest as it involves the emission of only higher energy α-

particles. The target of 𝑈235  was an even simpler case, as it consisted of only one peak 

consisting of detected α-particles of energies between 3.975 to 4.597 MeV and a total 

intensity of 1. Integrating yields the total number of α-particles emitted in the 

detection time set. 

  

4.2.2 Calculation of the ratio 𝑁235 𝑁234⁄   

 

 Using the above method, typically only two measurements would be required. 

One for 𝑈234  and one for the 𝑈235  target, both with their respective experimental 

masks on. In such case, the expected yield of alphα-particles detected can be 

calculated via their respective half-lives using equations 4 and 5: 

𝑌5 = 𝜆5 ∗ 𝑁235𝑀𝑎𝑠𝑘 ∗ 𝛺5 ∗ 𝑡5 

(4) 

𝑌4 = 𝜆4 ∗ 𝑁234𝑀𝑎𝑠𝑘 ∗ 𝛺4 ∗ 𝑡4 

(5) 
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Where, Y is the respective yield extracted from integrating the alpha peak in the 

spectra, Ω is the detection solid angle, λ the decay constant of each target and t is the 

detection time. Implementing the above technique, one major problem arose. 𝑈234  had 

a very high activity, outmatching the capabilities of the detection system, even with 

the mask on. For this reason, an aluminum collimator had to be used to cut even more 

particles and moderate the high particle emission. The use of the collimator naturally 

affects the solid angle of detection, Ω. So we either need to know the two different 

solid angles that occur in each case, or the collimator needs to also be used for the 

𝑈235  as well. The latter case was chosen, but the exact opposite problem was 

observed. The 𝑈235  effective activity using both the collimator and the mask was so 

low that the time needed for an accurate enough measurement was excessive. So, in 

order to overcome these adversities, 4 different measurements took place: 

• Measurement of 𝑈235  without collimator and with its mask on 

• Measurement of 𝑈235  without collimator and without its mask 

• Measurement of 𝑈235  with collimator and without mask  

• Measurement of 𝑈234  with collimator on and with its mask 

In each case, the total yield can be expressed by the equations: 

 𝑌1 = 𝜆235 ∗ 𝑁235𝑀𝑎𝑠𝑘 ∗ 𝛺1 ∗ 𝑡1 

(6) 

𝑌2 = 𝜆235 ∗ 𝑁235𝑁𝑜𝑀𝑎𝑠𝑘 ∗ 𝛺2 ∗ 𝑡2 

(7) 

𝑌3 = 𝜆235 ∗ 𝑁235𝑁𝑜𝑀𝑎𝑠𝑘 ∗ 𝛺3 ∗ 𝑡3 

(8) 

𝑌4 = 𝜆234 ∗ 𝑁234𝑀𝑎𝑠𝑘 ∗ 𝛺4 ∗ 𝑡4 

(9) 

As a result, the first two cases share the same Ω ( 𝛺1 = 𝛺2) and so do the last two 

(𝛺3 = 𝛺4). So the equations are modified as follows: 

𝑌1 = 𝜆235 ∗ 𝑁235𝑀𝑎𝑠𝑘 ∗ 𝛺1 ∗ 𝑡1 

(10) 

𝑌2 = 𝜆235 ∗ 𝑁235𝑁𝑜𝑀𝑎𝑠𝑘 ∗ 𝛺1 ∗ 𝑡2 

(11) 

𝑌3 = 𝜆235 ∗ 𝑁235𝑁𝑜𝑀𝑎𝑠𝑘 ∗ 𝛺3 ∗ 𝑡3 

(12) 
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𝑌4 = 𝜆234 ∗ 𝑁234𝑀𝑎𝑠𝑘 ∗ 𝛺3 ∗ 𝑡4 

(13) 

By dividing 𝑌1 𝑌2⁄  and 𝑌3 𝑌4⁄  and substituting the quality 𝑁235𝑁𝑜𝑀𝑎𝑠𝑘 from the first 

ratio to the second, we can find the ratio 𝑁235𝑀𝑎𝑠𝑘 𝑁234𝑀𝑎𝑠𝑘⁄ . The value calculated 

using the above method is: 

𝑁235𝑀𝑎𝑠𝑘
𝑁234𝑀𝑎𝑠𝑘

= 2.75 

(14) 

 

4.2.3 Statistical uncertainty of the calculated experimental 𝑁235 𝑁234⁄  ratio 

 

 In order to calculate the uncertainty of the measurement, first we need to 

determine the statistical uncertainty of each term that is used in the calculation. Based 

on the above method, the terms with statistical uncertainty are, t, λ and Y in each case. 

From these, only the latter is important, as the uncertainty of t and λ can be considered 

as being negligible. Specifically, the uncertainty of the experimental yields is 

calculated as: 

𝛿𝑌 = √𝑌 

           (15) 

Where, Y is the yield (counts) of alphα-particles that were detected and was 

determined via spectral analysis. The total uncertainty of the ratio’s measurement can 

now be calculated by using the following equation: 

𝛿
𝑁235𝑀𝑎𝑠𝑘
𝑁234𝑀𝑎𝑠𝑘

=
𝑁235𝑀𝑎𝑠𝑘
𝑁234𝑀𝑎𝑠𝑘

√(
𝛿𝑌1
𝑌1
)2 + (

𝛿𝑌2
𝑌2
)2 + (

𝛿𝑌3
𝑌3
)2 + (

𝛿𝑌4
𝑌4
)2 

         (16) 

The final result of the measurement along with its statistical uncertainty is: 

𝑁235𝑀𝑎𝑠𝑘
𝑁234𝑀𝑎𝑠𝑘

= 2.75 ± 0.05 

          (17) 

 

4.3 Spectral analysis and extraction of the number of total fission 

events  
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 The spectral analysis in this case is fairly simple, as is their expected shape. 

The actinides used as targets are radioactive and decay via α-particle emission. As a 

result, the detector “sees” two kinds of particles, the emitted alphas and the fission 

fragments. The latter have much higher mass than the former and a much higher 

kinetic energy as well. Thus, distinction between the two is easy since the α-particles 

detected will be registered in lower channel numbers than the fission fragments. 

Furthermore, with proper gain tuning on the ADCs, it was made sure that the α-

particles detected would be registered in the first 50-60 channels while the rest of the 

1024 channels were reserved for the fission fragments. An example of the spectra 

analyzed can be seen in figure 10. The peak on the left side of the spectrum 

corresponds to the detected α-particles, whereas the hump in the middle of the 

spectrum is formed by the detected fission fragments.  

 

Figure 10: Spectrum of 𝑈235  fission yield for the case of 453keV average incident neutron energy.  

 

 Since, as explained in the previous chapter, the ratio of detected fragments to 

fission events is 1:1, in order to calculate the total number  of induced fissions during 

the irradiation, one only needs to integrate the fission fragment hump while leaving 

out any α-particles. For this reason, background radiation spectra were taken at the 

start and end of each day and were used to determine a lower integration limit based 

on the channel were the alpha peak ends with each day’s gain settings. At this point it 

is reasonable to assume that with the determination of a lower cut-off limit for the 

integration, lies a risk of also discarding useful fission events that have been 

registered in lower channels than the imposed limit. Such assumption is true and in 

most cases the amount of useful discarded events can be estimated through Monte-
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Carlo simulations (e.g. using the FLUKA code). In our case, after comparing with 

previous calculations in similar experiments, it was deemed that the difference is very 

small and the implementation of a correction was unnecessary. However, in order to 

determine the true value of the measured yield, Y, more effects need to be taken into 

account and correction factors that will be explained in the next chapters need to be 

applied. 

 

 

 

 

 4.3.1 Dead-time correction 

 

 Based on equation 2 for the calculation of the cross section, the total 

irradiation time, t, needs to be known for both the target and its reference counterpart. 

Since, in our case, the targets were irradiated simultaneously, both values should, in 

theory, be equal. However that was not actually the case. While the detection system 

is busy processing a signal, any new incoming signals during that time will not be 

detected, resulting in lost useful events. In order to account for these lost events, we 

need to calculate their percentage using two factors. The first one is called “live time” 

and measures the total time the ADC/MCA (the slower component of the detection 

system) spent processing the incoming signals, while the second one, the “real time”, 

is equal to the total time the ADC/MCA operates. The correction factor can be 

calculated using the following equation: 

𝑓𝐷𝑇 =
𝐿𝑖𝑣𝑒𝑡𝑖𝑚𝑒

𝑅𝑒𝑎𝑙𝑇𝑖𝑚𝑒
 

(18) 

The 𝑓𝐷𝑇factor has a value between 0-1 where 0 accounts for 100% dead-time while 0 

for 0%. Usually, accepted values of the factor so that the measurement retains a 

certain accuracy standard are 𝑓𝐷𝑇 > 80%. Finally, in this experiment’s context, the 

yield of fission events, Y, was corrected for the dead-time effect as follows:  

 𝑌′ =
𝑌

𝑓𝐷𝑇
 

(19) 

 

4.3.2 Fission U235 events corrections due to beam secondary neutron family  
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As previously discussed, the neutron beam generated from the 𝐿𝑖(𝑝, 𝑛) 𝐵𝑒77  

reaction, induces, after a certain energy threshold, a secondary neutron family of 

lower energy, due to the existence of the first excited state of 𝐵𝑒7 . This phenomenon 

affects measurements on the experimental points of 𝐸𝑛 = 677,743,785,842,902𝑘𝑒𝑉. 

The respective neutron energies generated in these cases are  𝐸𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 =

113,204,258,324,392 keV  

By taking a closer look at the theoretical cross sections for 𝑈234  in the energy 

region between 100-900 keV, we see that it becomes of significant value from around 

400 keV and onwards. So the expected fission events that are attributed to the 

secondary neutron family are expected to be minimal and within the experimental 

error range. Regarding 𝑈235 , its cross-section follows a slowly decreasing behavior 

from roughly 1.5 to 1.2 barn in the energy region of interest (figure 11). So it is 

expected that a possibly small but significant percentage of the total fission events are 

induced by secondary neutrons. Therefore, for the measurement to be more precise, 

this percentage needs to be accounted for and subtracted from the total 𝑈235  fissin 

fragment yield.    

 

Figure 11: Graph of  fission cross section values  for 𝑈234  (black) and 𝑈235  (red) based on the evaluated library 

ENDF/B-VIII.1 (Gustavo Nobre, 2024). 

 The first step in this calculation is the utilization of NeuSDesc, a very useful 

tool for calculating neutron fluence spectra based on (Lieskin, 1975). In our case, by 

selecting a natLiF target of 56.7 ug/cm2 thickness and a detector distance of 67 mm 
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(which coincides with the experimental distance of the first target from the natLiF one) 

with a radius of 15 mm, the code calculates the neutron beam profile utilizing SRIM 

(Ziegler) simulations for the neutron flux, taking into account the produced angular 

acceptance, the produced Be first excited state, as well as, the proton energy 

straggling and energy loss inside the target. The correction factor can now be found 

using the above neutron flux and the following equation: 

 

𝑓𝑠𝑒𝑐 =
∑ 𝜎𝑖𝜑𝑖𝑑𝐸𝑖𝑚𝑎𝑖𝑛

∑ 𝜎𝑖𝜑𝑖𝑎𝑙𝑙 𝑑𝐸𝑖
 

          (20) 

where: 

• 𝜎𝑖 is the cross section for each energy bin  

• 𝜑𝑖 is the neutron flux value for each energy bin in 
𝑛

𝑐𝑚2 

• 𝑑𝐸𝑖 is the width of each energy bin 

In the above equation, the term “main” denotes that the sum is applied on the energy 

area of the main peak of interest whereas “all” symbolizes the sum over the entirety of 

the neutron flux. This way, in practice we calculate the ratio of the reaction rate 

induced by the main neutron peak with respect to the total reaction rate expressing the 

percentage of the counted yield that corresponds to the neutron energy of interest in 

each case. The correction factors found this way are presented in table 1.  

Table 1: Results of the correction factors calculated using Neusdesc  for the 𝑈235  fission yield. 

Incident Neutron Average Energy(MeV) 2nd neutron Family Correction Factor 

0.677 0.984 

0.743 0.978 

0.785 0.975 

0.842 0.968 

0.902 0.961 

   

4.3.3 Experimental cross section uncertainty 

 

 The experimental cross section values measured via the aforementioned 

method are unavoidably accompanied with uncertainties induced by two basic factors 

directly affecting the results. These factors are listed below: 

• Statistical uncertainty due to the fission fragment yield calculated as 𝜎𝑠𝑡𝑎𝑡𝑌 =

√𝑌, where Y is the fission fragment yield in each case. This uncertainty is 

calculated separately for 𝑈234  and 𝑈235 . 
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• The total uncertainty of the ratio 
𝑁235

𝑁234
calculated in section 4.2.3 which amounts 

to 𝜎𝑁 = 0.05 

Based on the above, the total statistical uncertainty of the measurements can be 

calculated via equation 21: 

𝜎𝑡𝑜𝑡 = 𝑐𝑠(𝐸)𝑚𝑒𝑎𝑠 ∗ √
(
𝜎𝑠𝑡𝑎𝑡𝑌234
𝑌234

)2 + (
𝜎𝑠𝑡𝑎𝑡𝑌235
𝑌235

)2 + (
𝜎𝑁
𝑁235
𝑁234

)2 

           (21) 

Where 𝑐𝑠(𝐸)𝑚𝑒𝑎𝑠 is the measured experimental cross section. Results are shown in 

table 2. 

Table 2: Results of the total statistical uncertainty of the experimental cross section measurements 

Incident Neutron Average 

Energy(MeV) 

Experimental cross-section 

values (b) 

Relative total statistical 

uncertainty (%) 

0.453 0.277 4.4 
0.507 0.452 4.0 
0.569 0.680 4.1 
0.634 0.891 5.4 
0.654 0.858 5.2 
0.677 1.035 4.3 
0.743 1.196 4.4 
0.785 1.276 4.2 

0.842 1.307 4.2 
0.902 1.379 4.4 

 

4.3.3 Experimental cross section additional uncertainty factors 

 

 An additional systematic uncertainty is inserted in the calculation of the fission 

cross section of  𝑈234  due to the uncertainty in the average proton energy, or, in other 

words, in the central value of the Gaussian shaped beam energy distribution (and its 

corresponding energy ripple). This effect is called offset and is estimated to be ~2 

keV (with the ripple variation being also around ~2 keV). This potential shift in the 

proton energy, directly translates to an equal shift in the neutron energy which in turn 

needs to be translated into a shift in the measured cross section. This is easily 

achieved by recalculating the experimental cross section for a deviation in effective 

energy of ±2𝑘𝑒𝑉 which potentially will result in different upper and lower limits for 

the uncertainty. Results show that this uncertainty is fairly negligible and did not 

exceed 0.12%.   

 

 



32 
 

4.4 Experimental measurement effective energy 
 

 In chapter 4.1 we discussed the method of measuring the cross section of 

𝑈234  with respect to the cross section of 𝑈235 . This cross section is pointwise 

corresponding to a single incident neutron energy. However, in principle the 

generated neutron beam is never truly mono-energetic but instead, it includes a 

distribution of neutrons in a certain energy width depending on the measurement 

conditions (neutron production target, geometry, angular acceptance etc). In our case, 

a few keV width is expected.  

In order to calculate the exact distribution, we utilized NeuSDesc using as 

input the LiF target characteristics. Results show neutron distributions up to 8 keV 

wide in the form of neutron energies with their respective expected flux values. This 

width (with respect to the measured energy) is attributed to the proton energy 

straggling inside the LiF target, as well as to the angular acceptance of the target 

which was kept relatively small (~130). This neutron distribution, needs to be 

translated into an effective measurement energy using the following equation: 

 

𝐸𝑒𝑓𝑓 =
∑ 𝐸𝑖 ∗ 𝜎𝑖 ∗ 𝐹𝑖 ∗ 𝑑𝐸𝑖𝑖

∑ 𝜎𝑖 ∗ 𝐹𝑖 ∗ 𝑑𝐸𝑖𝑖
 

                                                                                                                    (22) 

Where: 

• 𝐸𝑖 : the corresponding energy of each point in the output of NeuSDesc 

• 𝐹𝑖 : the expected flux of neutrons of energy 𝐸𝑖 which is determined by 

NeuSDesc in 
𝑛

𝑐𝑚2𝑠
 

• 𝑑𝐸𝑖 : the width of the energy bin i 

• 𝜎𝑖 : the cross section at 𝐸𝑖 keV  

By using the aforementioned equation, we in principle calculate a mean neutron 

energy by weighing the potential neutron energies over the produced reaction rate, 

thus taking into account the shape of the neutron flux as well as the behavior of the 

fission cross section.  

 The above process needs to be done for both targets leading to potentially 

different effective measurement energy due to different cross section values. In the 

case of 𝑈235 , the ENDF/B-VIII.1 library (Gustavo Nobre, 2024) was used for 

determining the fission cross section values. However, for 𝑈234 , as previously 

discussed, the available libraries show significant discrepancies in the energy region 

of interest leading to different results. In order to achieve the best possible 

independence from this uncertainty, average values between all available libraries 
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(ENDF/B-VIII.1 (Gustavo Nobre, 2024), JEFF-3.3 (Plompen, 2020), CENDL-3.2 

(Zhigang Ge, 2020), JENDL-5 (O. Iwamoto, 2023)) were used for the calculations. 

The measured effective energy that corresponds to each case of average incident 

neutron energy (𝐸𝑛) for 𝑈234  and 𝑈235  is shown in table 3. 

 

Table 3: Results of the calculation of the Effective Measurement Energy, 𝐸𝑒𝑓𝑓  for 𝑈234  and 𝑈235  

𝐸𝑛 
(MeV) 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 for 𝑈234  

(MeV) 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 for 𝑈235  

(MeV) 

0.453 0.448 0.448 

0.507 0.502 0.502 

0.569 0.564 0.564 

0.634 0.629 0.629 

0.654 0.649 0.649 

0.677 0.671 0.671 

0.743 0.737 0.737 

0.785 0.779 0.779 

0.842 0.836 0.836 

0.902 0.895 0.895 

 

 

4.5 First results  
 

In figure 12, the first results of the experimental fission cross section for 𝑈234  

are presented along with the predicted cross section values of the evaluated libraries 

of ENDF/B-VIII.1 (Gustavo Nobre, 2024) and CENDL-3.2 (Zhigang Ge, 2020). As a 

first impression, we notice that the majority of experimental points are in good 

agreement (within experimental error) with the evaluated values. However, 3 points 

out of the total 10 need further discussion.  
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Figure 12: Graph of preliminary results of the experimental fission cross section of 𝑈234  along with the data 
from the corresponding evaluated libraries ENDF/B-VIII.1 and CENDL-3.2 

Starting with the second point, 𝐸𝑒𝑓𝑓 = 502 keV, a significant underestimation 

of the cross section is observed with respect to ENDF but, at the same time, there is a 

marginal and within the upper bounds of experimental error agreement with CENDL. 

In the remaining two experimental points, 𝐸𝑒𝑓𝑓 = 449 keV and 𝐸𝑒𝑓𝑓 = 895 keV, the 

discrepancies with the evaluated libraries are far greater. In the first case, we observe 

an underestimation with a deviation of ~40%, while in the second case there is a 

noticeable overestimation around ~10-15% based on the library chosen for the 

comparison. Here it should be stressed that by no means is it implied that agreement 

with the evaluated libraries’ values is guaranteed or expected. What is certain though 

is the fact that more investigation needs to be done as there are clearly factors that 

have affected the results. This argument is further strengthened by the fact that the 

first 5 experimental points are in the energy region below the threshold for the second 

neutron family, thus, in theory, the results are expected to be more robust. There are 

two theories potentially explaining the discrepancies: 

• Potential neutron production from parasitic reactions (p,n) with the 

experimental setup materials. 

• Hydrogen and carbon buildup on the natLiF target due to its previous 

extended experimental use. 

Both of the two hypotheses will be discussed and investigated in the next paragraphs. 

 

4.5.1 Investigation for potential parasitic reactions 
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 The first hypothesis to be investigated is that of potential parasitic reactions of 

(p,n) nature. The first thing that should be noted is that previous investigations in 

similar experiments showed that this neutron production method is relatively clean 

without any specific reaction that could negatively affect the experiment. However, 

due to the fact that no single experiment is the same and conditions constantly change, 

this investigation took place in a deductive manner with a process of elimination 

based on some logical assumptions that will be explained shortly. 

 

Figure 13: Fission cross section values based on the evaluated data from ENDF/B-VIII.1 (Gustavo Nobre, 2024) 

for 𝑈234  and 𝑈235 . 

 First of all, by assuming a potential parasitic reaction as one of the factors 

causing the discrepancy, then the effect would be such that, if accounted for, it would 

“shift” the values towards the expected ones (even if the total correction is negligible). 

With that basic assumption in mind we will now focus on the last experimental points, 

which are largely overestimated. In this case, a correction for a parasitic neutron 

reaction would result in lowering the experimental cross section value. Based on the 

equation for the calculation of the experimental cross section value of 𝑈234 , it is 

apparent that in order for the total value to be lowered with a potential correction, that 

correction should consist of two subsequent corrections, one on the 𝑈234  yield and 

one on the 𝑈235  yield, with the latter being lower than the first. That observation 

directly implies that potential parasitic neutron production would be in the energy 

region where the fission cross section of 𝑈234  is expected to be of higher value than 

that of 𝑈235 . Taking a closer look to the evaluated libraries predicted fission cross 

section values for 𝑈234  and 𝑈235  we notice that the cross section of 𝑈235  is 

systematically higher. The only two energy regions where this is not the case are 

between 0.72 and 0.88 MeV and from 1.2 MeV and onwards (figure 13). With that in 

mind, every element up to 𝐹𝑒40 , was tested using Catkin version 2.03. Out of all 

tested elements, none produced neutrons of energy within the regions of interest.  
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4.5.2 MCNP simulations 

 

Using Monte Carlo simulations, an investigation took place on how the 

impinging neutron flux deviates from its expected shape, possibly allowing parasitic 

neutrons to reach the target surface. Using the MCNP5 code, the geometry of the 

experimental setup was simulated, including the flange, the water cooling system, the 

fission chamber with its kapton windows, the targets, their aluminum masks, and the 

detectors. The described simulated geometry is shown in figure 14. On the left of the 

flange, at the point where the 𝐿𝑖7  target is located, there is a point source emitting 

neutrons in a cone with an angular opening such as to match the angular acceptance of 

the 𝑈234  target’s unmasked surface experimental angular acceptance. The energy 

distribution of neutrons used in the simulation, was derived using NeuSDesc’s Full 

Angle Spectrum option (and also by utilizing SRIM). The output of the MCNP5 

code, was a set of energy bins of our choice (specifically, the energy region between 0 

and 1 MeV was divided into 30000 equal in size bins, while the energy region of 1 to 

30 MeV was divided into 10000 bins), along with the fluence of neutrons in the 

respective energy region that they represent. This fluence is normalized per surface 

area and primary particle (recorded in units of  
𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠

𝑐𝑚2∗𝑝𝑟𝑖𝑚𝑎𝑟𝑦𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 ).  

 

 

Figure 14: 3D representation of the simulated experimental setup geometry.  
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Figure 15: Simulated incident neutron fluence of 𝑈234  for the case of average incident neutron energy of 
903keV. 

 

An example of the simulation’s output is shown in figure 15. The first 

noticeable difference from the expected shape, is the existence of a long tail of low 

energy neutrons. These neutrons are attributed mostly to neutron scattering on the 

flange material (stainless steel) and to a lesser degree to the operating water cooling 

system in the flange which unavoidable causes some thermalization of passing 

neutrons due to inelastic scattering with hydrogen atoms. Judging from the above, it is 

apparent that there is a small flux of parasitic neutrons that impacted the measured 

fission yields, especially in the case of 𝑈235 , whose fission cross-section tends to 

dramatically increase for thermal neutrons. In order to account for the existence of 

these parasitic neutrons, the effective energy for both 𝑈234  and 𝑈235  needs to be 

recalculated. Results of the recalculated effective measurement energy are shown in 

table 4. 

 

Table 4: Results of the recalculated incident neutron effective energy accounting for neutron scattering based 
on the simulations results. 

𝐸𝑛 

(MeV) 
𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 for 𝑈234  

(MeV) 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑀𝐶𝑁𝑃
 for 𝑈234  

(keV) 

0.453 0.448 446 

0.507 0.502 500 

0.569 0.564 562 
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0.634 0.629 626 

0.654 0.649 646 

0.677 0.671 668 

0.743 0.737 734 

0.785 0.779 776 

0.842 0.836 832 

0.902 0.895 891 

  

 

 

4.5.3 Least squares fitting 

 

 In the previous paragraph, the neutron effective energy was recalculated 

taking into account potential parasitic neutrons due to scattering of neutrons on the 

experimental geometry materials. This correction however, is insufficient in theory as 

it does not take into account implanted hydrocarbon atoms in the natLiF target due to 

its prolonged usage. During the course of the present work, there was no experimental 

way available to determine the number of these hydrocarbon atoms. Instead, a 

mathematical approach was used based on least squares fitting. 

 The basic principle of this method is that if we have a set of data points, let’s 

say 𝑦𝑖, corresponding to a value 𝑥𝑖 through a functional relationship 𝑓(𝑥𝑖, 𝑎, 𝑏, . . ), 

where a, b… are constants, then we can theoretically calculate the most probable 

value of these constants minimizing  the value of the equation below with respect to 

the constants. 

 

𝑥2 =∑

𝑖

 

          (23) 

In the formula above, 𝜎𝑖 is the standard deviation of each measurement. This method 

can be utilized in our case along with NeuSDesc and its option to include an entrance 

foil along with the natLiF target for the calculation of the neutron flux. Specifically, we 

added carbon as entrance foil of various thicknesses and for each different thickness 

the 𝑥2 value was calculated. In this case 𝑦𝑖 is the average cross section values of the 

evaluated libraries, 𝑓(𝑥𝑖, 𝑎, 𝑏. . ) is the experimental cross section of effective energy 𝑥𝑖 

and 𝜎𝑖 the corresponding deviation that was determined from the analysis. In the place 

of constant 𝑎, is the carbon thickness the value of which we find by minimizing the 

aforementioned 𝑥2. 
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 Results of applying the “least squares fitting” method are presented in figure 

16, along with the second degree polynomial function used for fitting. As observed, 

the minimum calculated this way is at Carbon thickness of 930 nm. Afterwards, using 

this thickness, we recalculated the effective energy for 𝑈234  and 𝑈235 , as well as the 

new values of the experimental fission cross section. Results are shown in table 5. 

 

Figure 16: Results of the calculated 𝜒2 values in respect to carbon thickness (nm) along with the second degree 
polynomial used for fitting. 

 

 

Table 5: Results of the new effective measurement energy via the least square method along with the 
recalculated cross section values. 

𝐸𝑛 

(MeV) 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑥2 

(MeV) 

𝑐𝑠𝑥2  

(b) 

0.453 0.422 0.277 

0.507 0.478 0.452 

0.569 0.540 0.680 

0.634 0.605 0.891 

0.654 0.626 0.858 

0.677 0.649 1.035 

0.743 0.715 1.196 

0.785 0.758 1.276 

0.842 0.814 1.307 

0.902 0.875 1.379 
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Before moving forward to the discussion of these results, there are some things that 

need to be noted about this method. First of all, as discussed above, we used the 

approximation of carbon foil in front of the natLiF target. This approximation is not 

realistic as it doesn’t include hydrogen (an important part due to high scattering cross 

section of neutrons) and also because the hydrocarbons are expected to be implanted 

in the natLiF target and not in a foil formation which theoretically would result in an 

overestimation of the proton energy straggling. These observations would prove 

problematic in an attempt to realistically study the effect of implanted hydrocarbons 

in the target. However, in our case, the aim of this method is to mathematically and 

statistically translate all effects that need to be accounted for into a single effect, that 

of proton energy straggling into a carbon foil which changes the effective energy 

accordingly. So the values found in the results above indirectly include all non-

accounted for effects (neutron scattering, implanted hydrocarbons and any other 

unforeseen effect).   

  

 4.6 Effective energy uncertainty 
 

 Before going into the presentation of the final results for the ten experimental 

points, we need to calculate the uncertainty introduced in the effective energy of each 

point. In our case there are two basic factors that need to be taken into account. The 

first one is a systematic error called accelerator ripple effect. This is a common effect 

in proton accelerators and is mainly caused due to the uncertainty of the exact angle 

of the redirection of the protons of interest from the switching magnet. In our case, 

this effect is well-studied and measured to be ~1 keV per proton MeV, introducing an 

equivalent uncertainty on the proton energy. The second uncertainty factor is related 

to the energy straggling of the proton beam inside the target and up to its center (the 

point to which the measurement of the cross section usually corresponds). This 

uncertainty can be separated into two parts, one due to the energy straggling inside the 

fictional carbon foil and one inside the first half of the LiF target. Both of the above 

parts are taken into account by NeuSDesc and are translated into the energy width of 

the neutron main peak. The uncertainty, σ for the proton energy can be calculated 

using the following equation: 

𝜎 = √𝜎𝑟𝑖𝑝𝑝𝑙𝑒
2 + 𝜎𝑠𝑡𝑟𝑎𝑔𝑔𝑙𝑖𝑛𝑔

2  

           (24) 

The above uncertainty can directly be translated into neutron energy uncertainty since 

an increase or a decrease in the proton energy of this small magnitude produces 
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negligible change in the proton stopping power in the target. Results for each 

measurement are shown in table 5.  

 

Table 6: Results of the measurement energy uncertainty calculation  

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑥2 

(MeV) 

σ 

(MeV) 

0.422 0.005 

0.478 0.005 

0.540 0.005 

0.605 0.005 

0.626 0.005 

0.649 0.005 

0.715 0.005 

0.758 0.005 

0.814 0.005 

0.875 0.005 

 

 

4.6.1 Uncertainty increase due to scattering 

 

 In section 4.5.2, we presented an estimation of the overall expected parasitic 

fluence based on MCNP simulations. This correction was later integrated into the 

calculation of the effective energy via the least square fit method. The uncertainty 

introduced by the energy straggling into the carbon foil was accounted for, but what 

we did not yet factor is the potential effect of scattering to the uncertainty of the 

effective energy. In order to do so, we need to calculate the increase in the standard 

deviation of the energy distribution before and after the scattering and compare. In 

more detail, we calculated the E*F values for each case (MCNP output fluence vs 

neusdesc fluence) and for each experimental point. Afterwards the ratio of the 

standard deviation of the values with respect to the mean value was determined. By 

comparing the two ratios, we can find the total percentile increase in the standard 

deviation, 𝑓𝑀𝐶𝑁𝑃, and apply it to the total uncertainty calculated from equation 24. 

The total uncertainty can be determined as described in equation 25 and was found to 

be ~6 keV (table 7) in all cases.  

 

𝜎𝑡𝑜𝑡 = 𝑓𝑀𝐶𝑁𝑃 ∗ √𝜎𝑟𝑖𝑝𝑝𝑙𝑒
2 + 𝜎𝑠𝑡𝑟𝑎𝑔𝑔𝑙𝑖𝑛𝑔

2  

                                                        (25) 
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Table 7: Total uncertainty values for each measurement case. 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑥2 

(MeV) 

σ 

(MeV) 

0.422 0.006 

0.478 0.006 

0.540 0.006 

0.605 0.006 

0.626 0.006 

0.649 0.006 

0.715 0.006 

0.758 0.006 

0.814 0.006 

0.875 0.006 

 

 

5. Final results – discussion and future prospects 
 

 In the scope of this thesis, the fission cross section of 𝑈234  was measured for 

ten different average incident neutron energies in the energy region of 𝐸𝑛 = 0.4 −

0.9𝑀𝑒𝑉. In this chapter the final results along with all corrections and uncertainties 

will be presented and finally the future prospects of this endeavor will be discussed. 

 

5.1 Final results 
 

 Reference measurement results of the 𝑈234  fission cross section inwith respect 

to that of 𝑈235  are shown in table 8. Moreover, the same results are presented in 

figure 17, along with the most recent available experimental data in this energy 

region and also the four basic evaluated libraries, ENDF/B-VIII.1 (Gustavo Nobre, 

2024), JEFF-3.3 (Plompen, 2020), JENDL-5 (O. Iwamoto, 2023) and CENDL-3.2 

(Zhigang Ge, 2020). For the reasons stated in section 4.4, the corresponding 

measurement energy is the effective energy, 𝐸𝑒𝑓𝑓 determined via the method 

described in section 4.5.3. 

 

Table 8: Final results of the fission cross section reference measurements of 𝑈234  

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑥2 

(MeV) 

Measurement 

energy uncertainty 

(MeV) 

𝑐𝑠  

(b) 
Measurement 

total statistical 

uncertainty (%) 

0.422 0.006 0.277 4.4 
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0.478 0.006 0.452 4.0 

0.540 0.006 0.680 4.1 

0.605 0.006 0.891 5.4 

0.626 0.006 0.858 5.2 

0.649 0.006 1.035 4.3 

0.715 0.006 1.196 4.4 

0.758 0.006 1.276 4.2 

0.814 0.006 1.307 4.2 

0.875 0.006 1.379 4.4 

 

 

Figure 17: Results of the 𝑈234  fission cross section measurement  

 

5.2 Discussion and conclusions 
 

Starting from the first three experimental points, 𝐸𝑒𝑓𝑓 = 0.422,0.478 ∧

0.540𝑀𝑒𝑉, a general agreement within experimental error in each case with 3 out of 

the 4 evaluated libraries is observed and also following the value trend set by 

Paradela (Paradela, 2010) and Tovesson (Tovesson, 2014). Moving on to the next 

four energy points, 𝐸𝑒𝑓𝑓 = 0.605,0.626,0.649 ∧ 0.715𝑀𝑒𝑉, a good agreement with all 

evaluated libraries is observed for the second one with deviations of 0.1% in 

magnitude. The other three points exhibit deviations of 6% to 13% based on the case 
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and library of comparison. These deviations are well beyond the range of 

experimental error and with a tendency of overestimation. Despite these 

discrepancies, these experimental points seem to follow a similar behavior with the 

data of Karadimos (Karadimos, 2014), one of the most recent data additions, 

offering an argument in favor of their validity. Concerning the next two points, 

at𝐸𝑒𝑓𝑓 = 0.758 ∧ 0.814𝑀𝑒𝑉, we notice that they lie within the core of the overall 

available experimental data, with good agreement with the three of the four evaluated 

libraries and with a deviation of 8% from JENDL-5 and ENDF/B-VIII.1 

respectively. For the last experimental point, at 𝐸𝑒𝑓𝑓 = 0.875𝑀𝑒𝑉, there is a deviation 

of 10-20% from the values of the evaluated libraries. This seemingly huge 

overestimation is also supported by the data of Karadimos predicting similar values. 

 The discrepancies discussed above could be due to three basic factors. First of 

all, as far as the methodology is concerned, measurements were taken without time-

of-flight (ToF) technique which forces by hand or simulation corrections and 

calculations to make up for the lack of accurate incident neutron energy knowledge. 

Moreover, since the neutron producing target could not be fully characterized, we 

resulted in the use of a mathematical instead of an experimental approach to account 

for the effect of implanted hydrocarbons on the produced neutron fluence and their 

energy distribution.  Finally, measurements in this energy region are especially 

sensitive due to the steep rise in the fission cross section of 𝑈234  meaning that small 

potential unforeseen factors (e.g. a small change in the incident beam energy) could 

greatly impact the results. This argument is further supported by the huge 

discrepancies and uncertainties in the already available data. Despite the 

aforementioned (and mostly technical) difficulties, the data are considered fairly 

decent, awaiting further validation from future experiments. 

 

5.3 Future prospects 
 

 Future prospects and continuation of this work include: 

• Characterization of the LiF target and accounting of the implanted 

hydrocarbons with further backing from Monte Carlo simulations to compare 

with the results of the mathematical approach. 

• Usage of a thinner flange to reduce neutron scattering  

• Installation of a new air-cooling system in order to avoid having water along 

the neutron beam path. 

• Repeating measurements within the same energy region using a new natLiF 

target. 

• Further measurements, especially between the energy points that exhibited the 

higher discrepancies. 
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• Possible installation of a ToF system at NCSR Demokritos for accurate 

characterization of the incident neutron flux along with any potential parasitic 

contributions. 
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