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Evyoprotieg

H emtoyng exmovnon e ev AOym OmA®UOTIKNAG epyociog oplobetel to
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mv évtovn kafodnynomn, v mopovcio Tov oe kdbe Prua TG OOVLAELAS KOl TNV
akovpaotn mpoboupia tov va Pondnocel, va culntnoel kdbe TPOPANUO 0AAL Kot Vo
popactel To TABoc Tov Yoo Tov KOouo g melpapatikng [upnvikng Ouvoikng. X
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npocépepav, ta problem solving kabmg kot ot EVETAGEIS KOt TOPOTNPNGELS TOVE TV
TOADTIHES WODVTOC pe G€ VEO TPOTO GKEYNG, YEYOVOS Y10 TO OTOI0 TOVG ELYOPLOTM
Babvtata. Xt cvvéyxewn o MBeda va guyoplotiom OAa To. ATORO TNG OUAdOS TNG
[Mupnvikng @ucwng tov E.IMLIL yia ) ompiEn toug pe EReacn 6Toug Sd0KTOPIKONS
eormtég Nikohao Kvupiton ko KdAdn Kamepovn mov vanp&av mvidves xoatd
EKTTOVIOT] TOL TOAD QyYOTIKOV KOl ETEIGOIOKOV TELPANLOTOG,
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™V oTNPIEN OV HOV TPOGEPEPAY OKOUO KOl OTIG TO GKOTEWVEG TEPLOOOVG KOl TNV
avIdlOTEAN TOVG aydmn mpog péva. [a OAovg avTovg TOVG AOYOLS, Eva PEPOG TV
EMTUYLOV LoV TThvTa O opeideTon o€ gkeivoug,.



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 1V Reactor and Accelerated Driven Systems) which, amongst other
significant advantages (safer, more fuel efficient), could allow the utilization of
extremely abundant #3*Th 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 23*U is an important part of the 232Th 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 2**U 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 "Li(p,n) reaction.
The experimental setup included an aluminum chamber, in which the 24U, as well as,
the reference 23°U 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 CO; 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 'Be
first excited state, the shift to the effective measured energy due to the expected steep
rise of the 23*U 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.



Hepiinyn

Ye évov KOGHO e OAOEVA OUENVOUEVEG EVEPYEWNKES OTTOLTIOELS VLITAPYEL

HEYAAN Kol emelyovoa ovaykn ywo Prootpeg kot kabapég mnyéc evépyelag mov Oa
UTOPOVGOV SLVNTIKA VO OVTIKATOGTHCOVV OEIOTIOTO TOVS ONUEPIVOVS SLOBEGTLOVG
TOPoLG (TeTpéhano, AvOpaKkag, puokd aéPlo K.AT.). Mia mpoonddeia e 0vTd 10 TEDGTO
7oV OelyveL EVOLUPEPOVOEG TPOOTTIKEG EIVAL 1) AVATTVEN TVPNVIKDOV OVTIOPUGTIPOV
véag yevidg (Generation IV Reactor kot Accelerated Driven Systems) mov, peta&o
GAA®OV OMUOVTIKOV TAEOVEKTNUATOV (UEYOADTEPT] OCQAAELN, KOADTEPT OATOSOGN
Kawoipov), Ba pmopovoav va emttpéyovy v aflomoinon tov eEapetikd dpbHovou
Z32Th ¢ KOVGIHOV, TAPEYOVIOS ML HAKPOTPOOEsUn AVGT OtV EmEPyOUEVN
evepyewokn kpion. H épesvva oe tétola cvotiuata Ppioketal okOUn o€ TPOUO
014010, 610 omoio ypnoiponoovvtar texvikés Monte Carlo yw v mpdfreyn g
amOd00NG TOVG G OlOPOPETIKEG cuvOnKkes. Avtég ot teyvikés Pacilovtor yio v
akpifelo Tovg oe peydio Poabud oto vmdpyovio TLPNVIKG dedopéva. Avtd TO
emyyeipnuo, poll pe to yeyovog ot 1o *U eivan onuovtikd pépoc tov KHKAOL TOv
Z32Th kol 68 GUVOVAGHO LE TIC TEPAUCTIES AMOKAIGEIS 6TO O LVIAPYOVTH SeSopéval
™G €vEPYOL OlaTOUNG oxdong otnv evepyeslakn mepoyn petasd 0.4 ko 0.9 MeV,
OMOTEALECE TNV OQOPUN OVTNG TNG EPELVAS, GTOYOG TNG omoiag givar 1 pETpnon g
gvepyoD Statoung oydomng tov 234U,
H mnepopotiky Sadikacio mpaypotonombnke otig mpdoeata  ovoPadpicpévec
eykataotdoel Tov EKEDOE «Anuoxkpltog» e Ho. olovel HOVOEVEPYEIOKT OEGUN
veETpovimv Tov mopdyetal pécm G avtidpaonc, 'Li(p,n). H mepopatikny Sidraén
nepreddpPove évav BGAopo cdovpviov, otov omoio tomofethdnkav o otdyoc 234U
KaBdG Kol 0 6TdY0¢ avapopdc 23°U. TIpokeyévov va aviyvevfovv Ta Hpadcuata
oxdong mov OMUoLVPYNONKAY KATA TN SIPKEW TOL TEPAUNTOS, TOomoBeTONKOV
aviyveutég Micromegas o€ kdBe mhevpd ¢ drdtacng otodxov. O Bdiapog ahovpviov
Nrav eniong yepdrog pe éva petypo agpiov Ar ko CO2, pe 10 teAevtaio va Asttovpyet
®G KOTACGTOAENS KOTOLYIOUOD NAEKTPOVIWV.

Metd v mepapatikn ddkacio, T QAGUOTE TOL TPOEKLYAV OvVOADONKOY Kot
eENyOnke o ocvvolMkog aplBuog yeyovotwv oydons vy 10 SopopeTikéc evépyeLeg
vetpoviov. Qotdco, TPV amd TOVG TEMKOVS VTOAOYIGHOVG, TO KOTOUETPNUEVO
yeyovota oydong énpene va dopbwBodv yia ddeopa @atvopeva, OTMS o vekpOg
YPOVOG TOV OVIXVELTY, TO OEVTEPEVOVTO VETPOVIL TTOL TOPAYOVTIOL AOY® TNG TPMTNG
Steyepuévig KatdoTaong Tov ' Be, 1| HETAPOAY GTNV OLGIAGTIKY EVEPYELD HETPNONG
Moy®m G ovapevopevng omdtoung avodov g evepyod Swatoung tov **U ot
OLYKEKPILEVN EVEPYELOKT TTEPLOYN Kot dAAa TTov Ba TapovciacTovy deodikd pall pe
T TEMKG ATOTEAEGLATO KO TIC LEAALOVTIKES TPOOTTIKEG TNG TOPOVGAG EPYAUCTOC.
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1. Introduction

In the scope of this thesis the fission cross section of 23*U was measured in the
energy range between E, = 0.4 A 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 7Li(p,n) ’Be. 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 21% 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 CO, 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



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 23°U which is only a small fraction in the isotopic
composition of natural Uranium ( 99.3% 238y, 0.7% 23°U and some traces of 234U )
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 ***U.

1.2 Existing experimental data

The existing experimental fission cross section data of ***U in the energy range
of E, = 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. lwamoto, 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 23*U measured between the years 1970 and 2000 in
comparison with the 4 major evaluated libraries. Data for the graphs were extracted from EXFOR.
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Figure 2: Experimental data for the fission cross section of 2341 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) (NwoAng, 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 23*U and 23°U.

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, €. 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 ¢ . Initially, the
surface tension outweighs the Coulomb repulsive forces, thus benefiting the nuclear
structure as the difference in binding energy, AE, 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 VVan 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 lons 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 lon
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 90°. 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

13



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 theL.i 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 2%*U 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 pum), 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 ArC0, 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 €0, 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 2**U and
235y 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 pum 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 234U.
Secondly, this opening allows for an effective angular acceptance of +13°, as will be
described in more detail in the neutron production section.

3.6 Neutron production

The 7Li(p,n) ’Be reaction on a thin "LiF 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) "Be reaction
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Neutron production in this experiment was achieved through the “Li(p,n) "Be
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 ”Be 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 "*LiF 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 #**U target was at a total distance of 67 mm from the "*LiF target, which
creates an angular acceptance of 13 degrees in an area of 15 mm radius around the
center of the 23*Utarget. By using an aluminum mask in front of the ?3*U 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 - natLjF target

In order to produce the necessary neutron beam a "'LiF 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 "™LiF 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/cm?.
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 E,, = 453,507,569,634,654,677,743,785,842 A 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 2**U(n, f) 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=x*oxF*t

where:

e Y = the yield of a particular reaction product

¢ N =the number of target nuclei

e F = the beam flux used to induce the reaction measured in particles/cm?s

e t =theirradiation time

e o = the cross section for the reaction of interest measured in barn (1 b =100
fm?)

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 (do/dQ) as the latter denotes the
probability for a reaction to occur in a set angle 6. In theory, for isotropic reactions,
integration of the differential cross-section over 4= 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
#34y,s0 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 2x.
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 4z, 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 ¢ we get the following equality:

r
T N«Fxt

(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 23°U. This way the cross-section for a specific incident neutron
energy, E, can be calculated using equation 3.
Y(E
YRE(F ()E_) * FREF(E)
F(E)

x NREF ¢ REF

a(E) = * oREF (F)

N t
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 >>*U mass

According to equation 3, two factors involved in the calculation of the cross
section of interest are the nuclei number of the target 2**U and the reference 23°U.
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 >N /3*N. To calculate
this crucial ratio, a-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 a 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 ?3*U, 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 a-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 a-particles
emitted by the actinide. The total intensity of this emission is the sum of the
intensities of all the included cases of a-particles, which amounts to 1 as it includes all
the relative emission probabilities .
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Figure 9: Spectrum that resulted from the a counting of 23*U.

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 232U which builds up naturally in 23*U targets and does not affect the yield
of the main peak of interest as it involves the emission of only higher energy o-
particles. The target of 235U was an even simpler case, as it consisted of only one peak
consisting of detected a-particles of energies between 3.975 to 4.597 MeV and a total
intensity of 1. Integrating yields the total number of a-particles emitted in the
detection time set.

4.2.2 Calculation of the ratio **°N /?3*N

Using the above method, typically only two measurements would be required.
One for 23*U and one for the 23°U target, both with their respective experimental
masks on. In such case, the expected yield of alpha-particles detected can be
calculated via their respective half-lives using equations 4 and 5:

Y5 = A5 * Nagsmask * {25 * ts

(4)

Yy = Ay * Nagamask * 24 * ty

(5)
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Where, Y is the respective yield extracted from integrating the alpha peak in the
spectra, Q is the detection solid angle, A the decay constant of each target and t is the
detection time. Implementing the above technique, one major problem arose. 23*U 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, Q. 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
235y as well. The latter case was chosen, but the exact opposite problem was
observed. The 23°U 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:

e Measurement of 23U without collimator and with its mask on
e Measurement of 235y without collimator and without its mask
e Measurement of 235U with collimator and without mask

e Measurement of 23*y with collimator on and with its mask

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

Y] = A235 * Nagsyask * 21 * ty

(6)
Y, = 2235 * Nazsnomask * {22 * t2
(7)
Y3 = 2235 * Nazsnomask * {23 * t3
(8)
Yo = Aa34 * Npzamask * 24 * ty
(9)
As a result, the first two cases share the same Q ( 2, = 2,) and so do the last two
(25 = 2,). So the equations are modified as follows:
Y1 = 2335 * Nagsyask * {21 * 1
(10)
Y, = 2235 * Nazsnomask * {21 * t2
(11)
Y3 = 2235 * Nazsnomask * {23 * t3
(12)
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Yy = A234 * Nozamask * 23 * ty
(13)

By dividing Y; /Y, and Y3 /Y, and substituting the quality Ny3syomask from the first
ratio to the second, we can find the ratio Nyscpyasi/N2samask- 1he vValue calculated
using the above method is:

N235Mask =275

NZ 34Mask

(14)

4.2.3 Statistical uncertainty of the calculated experimental 235N/234N 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, A and Y in each case.
From these, only the latter is important, as the uncertainty of t and A can be considered
as being negligible. Specifically, the uncertainty of the experimental yields is
calculated as:

Y =Y
(15)

Where, Y is the yield (counts) of alpha-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:

5N235Mask _ Na3smask \/(&)2 + (5Y2)2 + (57:3)2 + (%)2

N234Mask - N234Mask Yl TZ Y4-
(16)
The final result of the measurement along with its statistical uncertainty is:
N.
_235Mask _ 2 75 + 0.05
N234Mask
(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 a-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 a-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 a-
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 a-particles, whereas the hump in the middle of the
spectrum is formed by the detected fission fragments.
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Figure 10: Spectrum of 235( 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 a-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:

T Livetime

" RealTime
(18)

The fPTfactor 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 f°T > 80%. Finally, in this experiment’s context, the
yield of fission events, Y, was corrected for the dead-time effect as follows:

y' =2

= 757

(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) "Be
reaction, induces, after a certain energy threshold, a secondary neutron family of
lower energy, due to the existence of the first excited state of ”Be. This phenomenon
affects measurements on the experimental points of E, = 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 23*U 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 %3°U, 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 23U fissin
fragment yield.
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Figure 11: Graph of fission cross section values for 23*U (black) and 23°U (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 "™'LiF 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 "LiF 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:

foo = Ymain 0iQ;dE;
€ Yanoip; dE;

(20)
where:

e g; is the cross section for each energy bin
e ¢, is the neutron flux value for each energy bin in —
t cm?

e dE; 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 23°U fission yield.

Incident Neutron Average Energy(MeV) | 2" 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:

e Statistical uncertainty due to the fission fragment yield calculated as ogpqy =
VY, where Y is the fission fragment yield in each case. This uncertainty is
calculated separately for 234U and 23°v.
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e The total uncertainty of the ratio ~2calculated in section 4.2.3 which amounts
234

Based on the above, the total statistical uncertainty of the measurements can be
calculated via equation 21:

Ostaty234 Ostaty235 On
Otot = CS(E)meas * ( )2 + ( )2 + (N )2
Y234 Y235 Na3s

(21)

Where ¢s(E)meas 1S 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 | Experimental cross-section Relative total statistical
Energy(MeV) values (b) 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 #3*U 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%.
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4.4 Experimental measurement effective energy

In chapter 4.1 we discussed the method of measuring the cross section of
23%y with respect to the cross section of 23°y. 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 (~13°). This neutron distribution, needs to be
translated into an effective measurement energy using the following equation:

£ _ XiEix oy x Fy + dE;
1" Yioy« Fyx dE;

(22)
Where:

e E; : the corresponding energy of each point in the output of NeuSDesc
e F; : the expected flux of neutrons of energy E; which is determined by
NeuSDesc in —

cm?2s
e dE; : the width of the energy bin i
e ;. the cross section at E; 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 23°U, the ENDF/B-VIIL.1 library (Gustavo Nobre, 2024) was used for
determining the fission cross section values. However, for 3*U, 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

32



(ENDF/B-VIIIL.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 (E,) for 23*U and 23>0 is shown in table 3.

Table 3: Results of the calculation of the Effective Measurement Energy, E, ;¢ for 234y and 23°U

E

234
Eeffective for U

235
Eeffective for u

(MeV) (MeV) (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 23*U
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 23*U along with the data
from the corresponding evaluated libraries ENDF/B-VIII.1 and CENDL-3.2

Starting with the second point, E,;, = 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, E.rr = 449 keV and E.., = 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:

e Potential neutron production from parasitic reactions (p,n) with the
experimental setup materials.

e Hydrogen and carbon buildup on the ™LiF 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.

EHDF Request 51024, 2025-Jan-21.10:18:32
1.0 1.9 2.0
T T T T T T T T T T

| =——— EHDF~B-UIII.1: U-2349(H.F)
——— EHDF~-B-UILII.L1: U-235(H, F)

Lros3 ection tharns)

1.0 " " L L L L . . 1 . . . . -1.0

1.0 1.5 2.0
Incident Enorgu (Mol)

Figure 13: Fission cross section values based on the evaluated data from ENDF/B-VIII.1 (Gustavo Nobre, 2024)
for 24U and **°U.

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 23*y, 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 2**U yield and
one on the 23>V 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 23*U is expected to be of higher value than
that of 23°U. Taking a closer look to the evaluated libraries predicted fission cross
section values for 23*U and %3°U we notice that the cross section of 235U 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 *°Fe, 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 “Li 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 2**U 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 nentrons ).
Cc

m2xprimaryparticle

Figure 14: 3D representation of the simulated experimental setup geometry.
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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 23°U, 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 23*U and 3°U 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 Eeffective for 234U EeffectiveMCNp for 234U
(MeV) (MeV) (keV)
0.453 0.448 446
0.507 0.502 500
0.569 0.564 562

37




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 "'LiF 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 y;, corresponding to a value x; through a functional relationship f(x;,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.

(23)

In the formula above, o; 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 "'LiF 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 y; is the average cross section values of the
evaluated libraries, f(x;, a,b..) is the experimental cross section of effective energy x;
and o; 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 23*U and 23°U, as well as the
new values of the experimental fission cross section. Results are shown in table 5.

001 20 1 | 1 | 1 | 1 | 1 | 1 |
Second degree polynomial fit

0.0115 4

0.0110

calculated x2

0.0105

0.0100 4

T T T T T T T T T T T T T
600 700 800 900 1000 1100 1200 1300
Carbon thickness (nm)

Figure 16: Results of the calculated y? 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.

E, Eeffective,% €S2
(MeV) (MeV) (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 "™LiF 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 "™LiF 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, o for the proton energy can be calculated
using the following equation:

— 2 2
o = \/aripple + Gstraggling

(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

Eeffective§ o
(MeV) (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, fycnp, 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.

— 2 2
Otot = fMCNP * Jgripple + Ustraggling

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

Eeffective,% Y
(MeV) (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 23*U was measured for
ten different average incident neutron energies in the energy region of E, = 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 23*U fission cross section inwith respect
to that of 35U 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, E..r determined via the method
described in section 4.5.3.

Table 8: Final results of the fission cross section reference measurements of 234U

Eefrective? Measurement cs Measurement
(MeV) energy uncertainty (b) total statistical
(MeV) 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
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Figure 17: Results of the 2341 fission cross section measurement

5.2 Discussion and conclusions

Starting from the first three experimental points, E.rr = 0.422,0.478 A
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, E.r = 0.605,0.626,0.649 A 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,
atE.rr = 0.758 A 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 £, = 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 23*U 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:

e 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.

e Usage of a thinner flange to reduce neutron scattering

o Installation of a new air-cooling system in order to avoid having water along
the neutron beam path.

e Repeating measurements within the same energy region using a new "*LiF
target.

e Further measurements, especially between the energy points that exhibited the
higher discrepancies.
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e 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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