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Resumo

O ciclo de combustivel Tério-Uranio Th-U foi proposto para a producao
de electricidade usando reactores nucleares, como uma alternativa ao ciclo de
combustivel Uranio-Pluténio U-Pu. O Tério pode ser usado como combustivel
nuclear e diversos estudos e programas de R&D fornecem evidéncia sobre a sus-
tentabilidade do ciclo de combustivel Th-U devido (i) & abundancia natural
do Tério (ii) a maior resisténcia a proliferacao oferecida pelo ciclo de com-
bustivel Tério-Uranio (Th-U) relativamente ao ciclo de combustivel Uranio-
Pluténio (U-Pu) (iii) & melhor performance neutrénica do ciclo de combustivel
Th-U relativamente ao ciclo de combustivel U-Pu em todo o espectro de ener-
gia dos neutroes (iv) ao menor nivel de radiotoxicidade dos residuos nucleares
em reactores que utilizam o ciclo de combustivel Th-U e consequentemente
(v) uma maior economia e aceitagdo publica dos reactores que utilizam o ciclo
de combustivel Th-U em comparagao com os que usam U-Pu (em referéncia a
reactores nucleares anteriores aos da Generagao IV).

No caso dos reactores nucleares que utilizam o ciclo de combustivel Th-U,
o 23U é um elemento chave que governa a performance neutrénica e conse-
quentemente a economia, a seguranca nuclear e a resisténcia a proliferacao.

Desta forma, o conhecimento das seccoes eficazes de captura netronica e
de cisao do 233U com elevando grau de precisao é de fundamental importancia
para a determinacao da sustentabilidade e do ciclo de combustivel Th-U e para
o desenvolvimento de reactores que usam este ciclo de combustivel.

O presente trabalho detalha a analise de dados referente & medicao si-
multanea da seccao eficaz de captura neutrénica de cisao para o 233U efectuada
na instalacao de Tempo de Voo (n_TOF) no CERN entre 1 eV e 1 keV usando
como detector, o Calorimetro de Absor¢ao Total (TAC) 47 de BaFs.

A instalagao “neutron Time-Of-Flight facility (n.TOF)* destaca-se a nivel
mundial por ser um espectrometro de tempo-de-voo associado a um feixe pul-
sado de protoes de 20 GeV, funcionando num regimo de baixa taxa de repeticao
e sendo caracterizado por elevados fluxos instantaneos de neutroes, excelente
resolugao em energia, baixos niveis de ruido ambiente e um sistema de aquisi¢ao
de dados utilizando electrénica rapida.

A medicao da seccao eficaz de captura é dificultada pelo facto de competir
directamente com a seccao eficaz de cisao, a qual possui uma seccao eficaz
varias vezes superior a de captura neutrénica.

A técnica de absor¢ao total para a deteccao de radiagao gama for utilizada
conjuntamente com a técnica de desconvolucao através da analise calorimétrica



do espectro de energia depositada (CSD) pela primeira vez, para distinguir
entre reaccoes nucleares concorrentes.

Varias técnicas de analise e ferramentas computacionais foram desenvolvi-
das e validadas com dados experimentais.

O sistema de deteccao e a resposta do mesmo a radiagao gama foi estu-
dada utilizando técnicas de Monte Carlo para determinar as constantes de
normalizacao.

Os resultados mostram o potencial dos métodos desenvolvidos e fornecem
importantes informacoes sobre as seccoes eficazes medidas.

Palavras chave: 23U, Metodologia de discriminacao, Calorimetric Shape
Decomposition, Seccao eficaz, Captura neutrénica, Cisao, Medi¢ao simultanea,
Tempo-de-Voo, Calorimetro de Absorcao Total, Técnicas de Monte Carlo
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Abstract

The Thorium-Uranium (Th-U) fuel cycle has been envisaged as an alter-
native to the Uranium-Plutonium (U-Pu) fuel cycle for electricity generation
using nuclear power reactors. Indeed, thorium can be used as a nuclear fuel,
and several studies and R&D programs seem to provide evidence on the sus-
tainability of the Th-U fuel cycle, due to (i) the natural abundance of Thorium,
(ii) the improved proliferation resistance offered by the Th-U fuel cycle relative
to the U-Pu fuel cycle, (iii) the better neutronics performance of the Th-U fuel
cycle throughout the whole neutron energy range compared to the U-Pu fuel
cycle, (iv) the lower radiotoxicity of the generated spent fuel in reactors with
Th-U fuel cycle and, consequently (v) better economics and public acceptance
of the reactors operated using the Th-U fuel cycle compared to those using the
U-Pu fuel cycle (prior to the Generation IV nuclear reactors).

In a nuclear reactor operated using the Th-U fuel cycle, 233U is a key nu-
clide governing the neutronics performance of the system and consequently its
economics, nuclear safety and proliferation resistance properties and charac-
teristics.

Therefore, the accurate knowledge of the neutron capture and neutron
induced fission cross-sections in 233U are of paramount importance for the
assessment of the sustainability of the Th-U fuel cycle and for the design of
nuclear reactors using such fuel cycle.

In this work, the neutron capture and neutron induced fission cross sections
of 233U have been measured simultaneously at the neutron Time-Of-Flight
facility (n-TOF) at European Organization for Nuclear Research (CERN) in
the energy range from 1 eV to 1 keV using the 47 BaFy Total Absorption
Calorimeter (TAC) as a detection device.

The n_TOF facility is a premier neutron spectrometer worldwide, driven by
a 20 GeV pulsed proton beam, operated with a low duty cycle and featuring
high instantaneously neutron fluxes, excellent neutron energy resolution, low
backgrounds and a Data Acquisition System supported by fast electronics.

The measurement of the 233U capture cross section is a very challenging
task requiring the discrimination of the neutron capture component from the
neutron induced fission component. The neutron induced fission is the main
competing reaction, whose cross-section is several times higher than the one
for neutron capture.

The total absorption technique has been employed together with the Calorimetric
Shape Decomposition (CSD) method for discriminate between competing nu-
clear reactions for the first time in this work.
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A variety of analysis techniques and software tools for the data analysis
had to be developed and validated with experimental data.

A complete Monte Carlo study of the detection system has been performed
to understand the response to gamma radiation and assess the normalization
constants.

The obtained results show the potential of the CSD method and provided
unprecedented information about the neutron induced capture and fission cross
sections in 233U.

Keywords: 233U, Cross Section, Total Absorber Calorimeter, Discrim-
ination Methodology, Calorimetric Shape Decomposition, Neutron Capture,
Fission, Simultaneous measurement, Time-of-Flight, Monte Carlo simulations
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Context

Nowadays when energy demand and energy sources are a major focus of con-
cern and disputes worldwide, the search for safer, more efficient, environmen-
tally friendly and sustainable energy sources is mandatory. The use of nuclear
energy has been a partial solution but not without problems mainly due to
the generated radioactive waste, safety concerns and public acceptance. The
answer to these problems may not come only in the form of a new solution but
also in improving existing solutions or solving problems like the accumulated
radioactive waste due to the consumption of electricity produced with nuclear
reactors. A more complete answer may consist in the production of electricity
using different nuclear fuel cycles that will produce less radioactive waste or
at least more easily manageable.

As a possible answer to the question of what to do with the radioactive
waste and the need for a clean nuclear energy production, Carlo Rubbia [1],
proposed an innovative nuclear reactor system that may permit not only to
treat the radioactive waste using a fast neutron spectrum but also to be able to
produce nuclear energy using new fuel cycles such as the Th-U. Nevertheless,
the design of such kind of reactor requires improved knowledge of key cross
sections, not only with higher accuracy but over extended energy ranges. This
holds true for any reactor based on the Th-U cycle.

The needs for new and better nuclear data from the points of view of
nuclear technology mainly for the present and future generations of reactor
lead to a vast effort in the field of nuclear cross section measurements. The list
of priority measurements can be found in the report ’Assessment of Nuclear
Data Needs for Thorium and other Advanced Cycles’ [2].

The n_TOF facility concept and implementation at CERN was a response
to the experimental limitations encountered when measuring the neutron cap-
ture cross section and other neutron induced reactions for some relevant iso-
topes which are radioactive.

The facility characteristics allow to measure not only stable isotopes but
also radioactive ones with unprecedented accuracy in a broad energy range,
very good energy resolution and reduced backgrounds.



Introduction

The work described in this document was performed in the scope of the exper-
imental activities of n_ TOF at the CERN. n_TOF is an international collab-
oration of 40 institutions from European countries, U.S.A., Russia and Japan
that work together with the goal of measuring cross sections of neutron capture
and neutron induced fission for actinides and other nuclides using the Time-
Of-Flight (TOF) spectrometer of CERN. The measurements done are of the
highest relevance in the fields of fundamental nuclear physics, nuclear technol-
ogy ,nuclear waste transmutation using Accelerator-Driven System (ADS) and
nuclear astrophysics.

The detailed analysis of the 233U neutron capture cross section will be de-
scribed in full detail from the data acquisition to the yield assessment together
with all the simulation work done to describe and understand the experimental
setup.

The final results for the neutron capture yield of ?*3U are shown together
with results obtained for the neutron induced fission cross section also mea-
sured at n_TOF.



Chapter 1

Motivations

In our constant evolving world, somethings seem to not change and one that
can be pointed out is the growing demand for energy resources. But this
demand faces limitations both on the side of availability and usage. Despite
the existence of renewable energy sources, which are more environmentally
friendly, the energy sources commonly used in large scale are pledged with the
byproducts associated with the conversion to electric power. The production
of C05 is one of the most obvious problems but sustainability is not far behind
in importance. In the next section, an overview of the global energy demands
and future predictions is performed and technological solutions to improve the
nuclear energy usage in a cleaner, safer, sustainable and economically viable
away are presented. These solutions are discussed and compared with actual
nuclear technology.

1.1 Overview on the energy utilization

To understand the problem with the actual energy demand, its necessary to
have in mind a global overview of energy utilization in the present days and
also an idea of the global energy utilization trend in the medium and long term
future. A look at Figure 1.1 shows the current scenario plus the foreseen evolu-
tion until 2035 [3]. Nowadays, the energy utilization between nations inside and
outside the Organization for Economic Cooperation and Development (OECD)
are equally shared but the trend shows an increase of energy utilization by
Non-OECD countries. Estimations show that from 2007 to 2035, the energy
utilization has increased by 84% in respect to 2007 in Non-OECD countries
against 14% in OECD countries.

Looking at the shares that each energy resource represents today and in 25
years (Figure 1.2), it is possible to see that without any substantial political
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change, the growth of the utilization of carbon free energies is still marginal
and the big share belongs to fissile fuels.
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Figure 1.2: History and projections for the share energy sources in overall
utilization [3].

Combining the present scenario with the difficulty in changing the world’s
energy policies and uncertainties in the available natural resources, the predic-
tion of oil prices show very different possibilities but with the reference case
showing a significant increase (Figure 1.3).

One thing seems unavoidable and this is the increase in CO4y emissions. To
this contribute the increase on the energy demand (Figure 1.1) and specially
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Figure 1.3: Projections for the oil price [3].

the difficulty in increasing the percentage of renewable energies. Although the
predictions show only a small increase in the use of nuclear energy, a new, safer,
environmentally friendly, proliferation resistant and more efficient generation
of nuclear reactors can help to solve some of the world’s energy problems.

1.1.1 Nuclear energy overview

Despite the overall small contribution of nuclear energy in the world energy
utilization, the scenario is dramatically different specially in some European
countries. While nuclear energy accounts only for 6% of the total energy uti-
lization, in countries like France and Lithuania, the nuclear energy contribution
can be as high as 80% for electricity production contributing to the total en-
ergy utilization with 15%. Although difficult to point out a direct relation
between the high percentage of nuclear energy usage in countries like France
and Lithuania, some factors can be pointed out such as political strategy,
technical knowledge, economical demands, availability of other energy sources,
public acceptance, environmental impact, among many others. This factors
are common around the globe and one can think that the nuclear energy being
economically equivalent to others in many cases and less environmental de-
manding, would lead to different political strategies and a higher share in the
energy sources utilization. The equation isn’t that simple and the technical
knowledge need to build, operate and deal with the byproducts of a nuclear
facility associated with safety concerns of the general public have reduced the
acceptance of such technology. In fact, the public concerns play an important
role and don’t always react in a rational way when confronted with the nuclear
energy.



1.2 Addressing the public acceptance problem

The main problems associated with the public acceptance of nuclear energy
are related either with the management of radioactive waste or with safety
concerns. The management of radioactive waste using the final disposal solu-
tion has been scientifically proved to be safe and feasible from the technical
point of view, with the use of deep underground repositories. Nevertheless the
public opinion demands solutions that don’t imply a repository over thousands
of years.

Taking this in consideration, transmutation of radioactive waste (it will be
discussed is Section 1.2.2) has been proposed as a way to reduce substantially
(in a factor of 1/100 or more [4]) the radiotoxicity of long lived component of
the nuclear waste, mainly the trans-uranium actinides.

Also, the transmutation of Long Lived Fission Products (LLFP) is fore-
seen by neutron absorption (mainly by radioactive capture) in thermal and
epithermal neutron energy region.

The use of innovative nuclear reactors for radioactive waste transmutation
with a fast neutron spectrum to produce short lived fission products and more
stable isotopes, can diminish the radiotoxicity by a factor greater than 100 [4].

Despite the important role that radioactive waste management represents
in the acceptance of nuclear energy, this represents a fix for past solutions, a
look into the future demands more efficient solutions like new fuel cycles and
compositions which produce more manageable waste and are based on more
abundant isotopes.

Inside a reactor, the nuclear reactions taking place are ruled by the com-
peting cross sections of the fuel’s isotopic composition and the neutron energy
spectrum. The choice of the neutron energy spectrum together with a specific
fuel composition, allows to enhance the desired nuclear reaction and control
the isotopic evolution in the reactor.

The reaction path can be chosen with the aim to transmute radioactive
waste as described before but also with the aim of producing a certain isotope
that is useful in the production of energy (via a breeding cycle) such as 23U
as shown in Figure 1.4.

1.2.1 Radioactive waste and disposal

Radioactive waste is normally generated in a nuclear reactor due to neutron
induced reactions. Fission reactions generate unstable fission fragments while
neutron capture reactions on uranium and higher atomic mass elements give
rise to transuranic elements. The fission fragments decay mainly by beta emis-
sion and the transuranic elements decay both by alpha and beta emission some
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Figure 1.4: 233U breeding cycle and possible branchings

being characterized by relative long half lives.

The radioactive waste is characterized based on its physical and chemical
form, specific activity, emitted radiation, and radiotoxicity [5]. Also based on
the thermal hazard and requirements for disposal, the International Atomic
Energy Agency (IAEA) distinguishes two main classes of waste [6], one de-
nominated high level waste and the other low and intermediate level waste
with short and long lifetimes (Table 1.1).

In the particular case of high level waste, specialists have reached a consen-
sual solution being it the deep underground (several hundred meters) geological
disposal, taking advantage of the surrounding medium as a radiological bar-
rier to avoid leakage of radioactive isotopes into the environment. Table 1.2
summarizes the amount of relevant nuclides to be disposed of in the repository.

Sustainability principles applied to the nuclear energy field imply a mini-
mization both in volume and radiotoxicity of the high level waste to be dis-

11



Table 1.1: Classification of radioactive nuclear waste by the IAEA [5].

Waste classes

|

Typical characteristics

\ Disposal options

Exempt waste

Activity levels at or below
clearance levels given in [6], which
are based on an annual dose to

No radiological

(EW) members of the public of less than restrictions
0.01 mSv

Low and .
. . Activity levels above clearance
intermediate . .

levels given in [6] and thermal

level waste ower below about 2kW /m?

(LILW) P

Short lived waste
(LILW-SL)

Restricted long lived radionuclide
concentrations (limitation of long
lived alpha emitting radionuclides
to 4000 Bq/g in individual waste
packages and to an overall average
of 400 Bq/g per waste package)

Near surface or
geological
disposal facility

Long lived waste
(LILW-LL)

Long lived radionuclide
concentrations exceeding
limitations for short lived waste

Geological
disposal facility

High level waste
(HLW)

Thermal power above about
2kW /m? and long lived
radionuclide concentrations
exceeding limitations for short
lived waste

Geological
disposal facility

posed in underground repositories. This can be achieved by Partitioning and
Transmutation of the radioactive waste.

1.2.2 Partitioning and Transmutation

Partitioning and Transmutation technologies allow a significant reduction of

the risk and simplify the conditions for final storage. The RED-IMPACT [4]
project study aimed to assess the impact of partitioning and transmutation in
the final disposal repositories and in the sustainability of nuclear energy.

In the particular case of a Light Water Reactor (LWR) where the nuclear
waste consists mostly of transuranic isotopes and LLFP as shown on Table 1.2,
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Table 1.2: Mass of relevant nuclides in the solid waste obtained from the
burning of UOX (Uranium dioxide) fuel in a PWR to be disposed of in a
repository [4].

Nuclides | Mass of Actinides in solid [g/TW h(e)]

U 2302048
Np 2021
Pu 25430
Am 4417
Cm 52
LLFP 125810
Transuranic 31920

a good knowledge of the different cross section for all possible reactions for each
isotope is mandatory in order to achieve a sustainable solution both for final
disposal or for reuse as nuclear fuel in a transmutation device as an ADS.

The Partitioning and Transmutation of radioactive waste consists in chem-
ically processing the high level waste, isolating the different elements (parti-
tioning) and after with the help of a device capable of irradiate the minor
actinide enriched fuel achieve a reduction both in volume and radiotoxicity of
the high level waste by transmutation.

Transmutation is a process where nuclear reactions like neutron fission or
neutron capture are induced in a reactor core loaded with nuclear waste to
create new isotopes that have shorter decay times and being less radiotoxic by
comparison with transuranic elements.

The neutron energy spectrum in conventional reactors is governed by the
fission reactions that provide the proper neutron multiplication inside the re-
actor’s core. The neutrons produced this way follow a Watt fission neutron
energy spectrum that has a maximum around 1.6 MeV and an average of 2.1
MeV corresponding to a fast neutron spectrum. The Watt fission neutron
energy spectrum is a good starting point for a desirable neutron spectrum in
the scope of transmutation with a fast neutron spectrum but a core full with
transuranic isotopes and LLFP works mostly as a neutron absorber and the
necessary neutron multiplication doesn’t occur, leading to sub-critical working
regimes and full stop of the reactor. Therefore, to sustain a reaction, an exter-
nal source of neutrons is needed. A solution to this problem has been foreseen
with the use of and external proton accelerator that is used for neutron produc-
tion inside the core via spallation reactions. This type of systems that bound
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a fast reactor with an external neutron source are called Accelerator-Driven
System (ADS).

Transmutation needs, favor the use of a sub-critical reactor like the ADS
loaded with specific fuel compositions, highly enriched in high mass transuranic
actinides and a fast neutron spectrum in order to increase the ratio of fission
to absorption as this increases with neutron energy for most actinide isotopes.

In spite of the possibilities opened by new systems design like ADS and
by radioactive waste transmutation, some problems remain, specially the poor
knowledge of the involved cross section needed. The actual knowledge on the
neutron cross sections of actinides is mainly related to the exploitation of the
U-Pu fuel cycle in nuclear reactors with a thermal neutron spectrum and the
design and operation of experimental fast U-Pu nuclear reactors.

The precise knowledge of the cross sections for higher neutron energies
(typically above 1 keV) is poor or non-existent or very limited to few isotopes
and reaction channels. The currently existing nuclear databases can be used
for the conceptual design of the transmutation oriented nuclear devices — fast
reactors or ADS — and for the first order evaluation of the impact of the trans-
mutation technology in the nuclear waste management. However, the detailed
engineering designs, safety assessments and the detailed performance assess-
ment of dedicated transmutation ADS and fast reactors (i.e. with fuels highly
enriched in transuranic isotopes) require more precise and complete basic nu-
clear data.

An example of transmutation with fission is:
n + 239 Py (24000y) 22 134C5(2y) + 19 Ru(stable) + 2n + 200M eV

And by capture:

n + 291(15.7Million years) Capture, 1307 (12h)

Or by combination of several reactions:

n + 210 Pu(6600y) Capture, 241 Py (14y)

Fission

n + 21 Pu(14y) —— 31X e(stable) + > Rh(35h) + 3n + 200MeV

Transmutation can also be used for energy production by breeding fissile
isotopes like the case of the Th-U cycle where fissile 233U is produced from
the abundant *2Th via a breeding process. The breeding process consists in
consecutive neutron captures followed by beta decay. This permits to convert
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a non-fissile nucleus in to fissile one and will be discussed in more detail in the
next chapters.

To cope with demands for improve nuclear safety, improve proliferation
resistance, minimize waste and natural resource utilization, and decrease the
cost to build and run nuclear reactors, the Generation IV International Forum
(GIF) was started to conduct the research on a new generation of reactor [7].

1.3 Generation IV reactors

Why do we need a new generation of nuclear reactors? The answer is readily
available in the current generation of reactors where a relatively inefficient fuel
cycle is present together with big volumes of high radiotoxicity and high level
waste. More, many of the current generation reactors have not addressed the
problem of proliferation-resistance problem or are no longer considered secure
by today’s standards.

To address this problems, an international task force is developing six nu-
clear reactor technologies for deployment between 2020 and 2030.

From the six reactor designs, four are fast neutron reactors, all of these
operate at higher temperatures than today’s reactors and four are designated
for hydrogen production [8].

More important, all six systems represent advances in sustainability, eco-
nomics, safety, reliability and proliferation-resistance and most of the six sys-
tems employ a closed fuel cycle to maximize the resource base and minimize
high-level wastes to be sent to a repository. There were originally six technolo-
gies chosen, but development on one has gone in two directions and therefore
seven are listed in Table 1.3.

1.3.1 Overview of the different designs

Three of the six are Fast Neutron Reactor (FNR) and one can be built as a
fast reactor, being one described as epithermal, and only two operating with
slow neutrons like today’s plants.

From the six reactor designs, only one is cooled by light water, two are
helium-cooled and the others have lead-bismuth, sodium or fluoride salt coolant.
Three operate at low pressure, with significant safety advantage. The one has
the uranium fuel dissolved in the circulating coolant.

Temperatures range from 510°C to 1000°C, which is a significant change
compared with less than 330°C for today’s light water reactors, and this means
that four of them can be used for thermo-chemical hydrogen production.
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The sizes range from 150 to 1500 MWe (or equivalent thermal) , with the
lead-cooled one optionally available as a 50-150 MWe ”battery” with long core
life (15-20 years without refueling) as replaceable cassette or entire reactor
module. This is designed for distributed generation or desalination.

At least four of the systems have significant operating experience already
in most respects of their design, which provides a good basis for further R&D
and is likely to mean that they can be in commercial operation well before
2030.

However, it is significant that to address non-proliferation concerns, the
fast neutron reactors are not conventional fast breeders, i.e. they do not have
a blanket assembly where 2*°Pu is produced. Instead, plutonium production
takes place in the core, where burn-up is high and the proportion of plutonium
isotopes other than #*Pu remains high. In addition, new reprocessing tech-
nologies will enable the fuel to be recycled without separating the plutonium.

1.3.1.1 Gas-cooled fast reactors (GFR)

Like other helium-cooled reactors which have operated or are under devel-
opment, GFR will be a high-temperature unit - 850°C. This reactor employ
similar reactor technology to the VHTR (discussed in Section 1.3.1.5), suitable
for power generation or thermo-chemical hydrogen production. The reference
GFR unit is 1200 MWe, with thick steel reactor pressure vessel and three 800
MWt loops [9]. It would have a self-generating (breeding) core with fast neu-
tron spectrum and no fertile blanket. Robust nitride or carbide fuels would in-
clude depleted uranium and any other fissile or fertile materials as ceramic pins
or plates, with plutonium content of 15 to 20%. As with the SFR(discussed in
Section 1.3.1.3), used fuel would be reprocessed on site and all the actinides
recycled repeatedly to minimize production of long-lived radioactive wastes.
This is the only Gen IV design with no operating antecedent, so a prototype
is not expected before 2025.

1.3.1.2 Lead-cooled fast reactors (LFR)

The LFR is a flexible fast neutron reactor which can use depleted uranium or
thorium fuel matrices, and burn actinides from LWR fuel. Liquid metal (Pb
or Pb-Bi eutectic) cooling is at low pressure by natural convection (at least
for decay heat removal). Fuel is metal or nitride, with full actinide recycle
from regional or central reprocessing plants. Operating temperature of 550°C
is readily achievable but 800°C is envisaged with advanced materials to provide
lead corrosion resistance at high temperatures and this would enable thermo-
chemical hydrogen production[10].
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Table 1.3: Generation IV reactor’s design and characteristics [8].
* high = 7-15 MQpa

+ = with some 35U or 239Py

** 'battery' model with long cassette core life (15-20 yr) or replaceable reactor module

Reactor Neutron Temperature o Fuel Size . .
designation spectrum Coolant c) Pressure Fuel cycle (MWe Applications
Gas-cooled 238 closed, .

fast fast helium 850 high +U on 1200 arféeﬁtf;‘;gyen
reactors site Y &
20-
180**
Lead-cooled lead 238 closed, ..
fast fast or 480-800 low U re- 300- electricity
“a: + . 1200 and hydrogen
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600-
1000
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This corresponds with Russia’s Fast reactors with a nitride fuel and a lead
coolant (BREST) and builds on 80 reactor-years experience (accumulated in
several reactors) of lead or lead-bismuth cooling, mostly in submarine reactors.
Its fuel is U4+Pu nitride. More immediately the Generation IV International
Forum (GIF) proposal appears to arise from two experimental designs: the
USA Secure, Transportable, Autonomous Reactor (STAR) and Japan’s LBE
Cooled Long-Life Safe Simple Small Portable Proliferation-Resistant Reactor
(LSPR), these being lead and lead-bismuth cooled respectively.

1.3.1.3 Sodium-cooled fast reactors (SFR)

The SFR uses liquid sodium as the reactor coolant, allowing high power density
with low coolant volume. It builds on some 390 reactor-years experienced with
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sodium-cooled fast neutron reactors over five decades and in eight countries,
and is the main technology of interest in GIF. Most plants so far have had
a core plus blanket configuration, but new designs are likely to have all the
neutron action in the core. Other R&D is focused on safety in loss of coolant
scenarios, and improved fuel handling [11].

The SFR utilises depleted uranium as the fuel matrix and has a coolant
temperature of 500-550°C enabling electricity generation via a secondary sodium
circuit, the primary one being at near atmospheric pressure. Three variants are
proposed: a 50-150 MWe type with actinides incorporated into a U-Pu metal
fuel requiring electrometallurgical processing (pyroprocessing) integrated on
site, a 300-1500 MWe pool-type version of this, and a 600-1500 MWe type
with conventional Mixed Oxide Fuel (MOX) fuel and advanced aqueous repro-
cessing in central facilities elsewhere.

1.3.1.4 Supercritical Water-cooled Reactors (SCWR)

This is a very high-pressure water-cooled reactor which operates above the
thermodynamic critical point of water (374°C, 22 MPa) to give a thermal
efficiency about one third higher than today’s light water reactors from which
the design evolves. The supercritical water (25 MPa and 510-550°C) directly
drives the turbine, without any secondary steam system, simplifying the plant.
Two design options are considered: pressure vessel and pressure tube. Passive
safety features are similar to those of simplified boiling water reactors. Fuel is
uranium oxide, enriched in the case of the open fuel cycle option. However, it
can be built as a fast reactor with full actinide recycle based on conventional
reprocessing [12].

1.3.1.5 Very high-temperature gas reactors (VHTR)

These are graphite-moderated, helium-cooled reactors, based on substantial
experience. The core can be built of prismatic blocks such as the Japanese
High Temperature Test Reactor (HTTR) and the Gas Turbine Modular Helium
Reactor (GTMHR) under development by General Atomics and others in Rus-
sia, or it may be pebble bed such as the Chinese High Temperature Reactor-10
MWt (HTR-10) or High Temperature Reactor-Pebblebed Modules (HTR-PM)
and the Pebble Bed Modular Reactor (PBMR) under development in South
Africa, with international partners. Outlet temperature of over 900°C and
aiming for 1000°C enables thermochemical hydrogen production via an inter-
mediate heat exchanger, with electricity cogeneration, or direct high-efficiency
driving of a gas turbine (Brayton cycle). There is some flexibility in fuels, but
no recycle initially. Modules of 600 MW thermal are envisaged. The VHTR
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has potential for high burn-up (150-200 GWd/t), completely passive safety,
low operation and maintenance costs, and modular construction [13].

1.3.1.6 Molten salt reactors (MSR)

In an MSR, the uranium fuel is dissolved in the sodium fluoride salt coolant
which circulates through graphite core channels to achieve some moderation
and an epithermal neutron spectrum. The reference plant is up to 1000 MWe.
Fission products are removed continuously and the actinides are fully recycled,
while plutonium and other actinides can be added along with 23U, without
the need for fuel fabrication. Coolant temperature is 700°C at very low pres-
sure, with 800°C envisaged. A secondary coolant system is used for electricity
generation, and thermochemical hydrogen production is also feasible.

Compared with solid-fuelled reactors, MSR systems have lower fissile in-
ventories, no radiation damage constraint on fuel burn-up, no spent nuclear
fuel, no requirement to fabricate and handle solid fuel, and a homogeneous
isotopic composition of fuel in the reactor. These and other characteristics
may enable MSRs to have unique capabilities and competitive economics for
actinide burning and extending fuel resources.

During the 1960s the USA developed the molten salt fast reactor as the
primary back-up option for the conventional fast breeder reactor, and a small
prototype was operated for about four years. Recent work has focused on
lithium and beryllium fluoride coolant with dissolved thorium and #*3U fuel.
The attractive features of the MSR fuel cycle include: the high-level waste
comprising fission products only, hence shorter-lived radioactivity; small in-
ventory of weapons-fissile material (**?Pu being the dominant Pu isotope);
low fuel use (the French self-breeding variant claims 50kg of thorium and 50kg
238U per billion kWh); and safety due to passive cooling up to any size [14].

1.3.1.7 Liquid Fluoride Thorium Reactor (LFTR)

A quite different concept is the LETR, utilizing 233U which has been bred in
a liquid thorium salt blanket.

The core consists of fissile 233U tetrafluoride in molten fluoride salts of
lithium and beryllium at some 700°C and at low pressure within a graphite
structure that serves as a moderator and neutron reflector. Fission products
dissolve in the salt and are removed progressively — xenon bubbles out, others
are captured chemically. Actinides are less-readily formed than in fuel with
atomic mass higher than 235, and those that do form stay in the fuel until
they are transmuted and eventually fissioned [15].

The blanket contains a mixture of thorium tetrafluoride in a fluoride salt
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containing lithium and beryllium, made molten by the heat of the core. Newly-
formed ?*3U forms soluble uranium tetrafluoride (UF,), which is converted
to gaseous uranium hexafluoride (UFg) by bubbling fluorine gas through the
blanket solution (which does not chemically affect the less-reactive thorium
tetrafluoride). Uranium hexafluoride comes out of solution, is captured, then
is reduced back to soluble UF, by hydrogen gas in a reduction column, and
finally is directed to the core to serve as fissile fuel.

The LFTR is not a fast reactor, but with some moderation by the graphite
is epithermal (intermediate neutron speed). Safety is achieved with a freeze
plug which if power is cut allows the fuel to drain into subcritical geometry
in a catch basin. There is also a negative temperature coefficient of reactivity
due to expansion of the fuel.

The China Academy of Sciences in January 2011 launched an R&D pro-
gram on LFTR, known there as the Thorium-Breeding Molten-Salt Reactor
(TMSR), and claimed to have the world’s largest national effort on it, hoping
to obtain full intellectual property rights on the technology [16].

1.3.2 Summary of the Generation IV reactors

The several studies and R&D programs confirm that the various engineering
concerns can be met and that running reactors on thorium could indeed fore-
stall clandestine efforts to use the spent fuel for making bombs. It is estimate
that thorium-based fuels could cost anywhere from 10 % less to about 10 %
more than conventional nuclear fuels [17]. The wide range stems from funda-
mental uncertainties about the cost of the seed uranium (which must be four
times more enriched in ?*>U than is the case with typical nuclear fuels), the
cost of fabricating the fuel assemblies and the savings that might accrue in
the future as a result of the reduction in the amount of spent fuel in need of
disposal.

Although it seems unlikely that economics alone could drive the adoption
of thorium fuels, there are no technical ”show-stoppers” here. Modifications
to the existing commercial infrastructure would clearly be needed, but no
fundamentally new technology is required. And the fact that the relevant
materials (thorium and enriched uranium) have a long record of experimental
use in reactors (see Section 1.4.4) lends credibility to the notion that this
scheme could one day find widespread application, should policymakers push
the nuclear industry in that direction.
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1.4 Thorium as nuclear fuel

Thorium, as well as uranium, can be used as a nuclear fuel. Although not
fissile itself, 232Th will absorb slow neutrons to produce ?*3U, which is fissile
and long-lived. The irradiated fuel can then be unloaded from the reactor, the
233U separated from the thorium, and fed back into another reactor as part of
a closed fuel cycle. Alternatively, 233U can be bred from thorium in a blanket,
the 233U separated, and then fed into the core [18].

In one significant respect 233U is better than 23°U and ?3°Pu, because of
its higher neutron yield per neutron absorbed. Given a start with some other
fissile material (*33U, ?*U or #*9Pu) as a driver, a breeding cycle similar to
but more efficient than that with **®U and plutonium (in conventional, slow
neutron reactors) can be set up. (The driver fuels provide all the neutrons
initially, but are progressively supplemented by 23U as it forms from the tho-
rium.) However, there are also features of the neutron economy which counter
this advantage. In particular the intermediate product #*3*Pa which is a neutron
absorber and diminishes the 23U yield.

Over the last 40 years there has been interest in utilizing thorium as a
nuclear fuel since it is more abundant in the Earth’s crust than uranium. Also,
all of the mined thorium is potentially usable in a reactor, compared with the
0.7% of natural uranium in today’s reactors, so some 40 times the amount
of energy per unit mass might theoretically be available (without using fast
neutron reactors). But this relative advantage vanishes if fast neutron reactors
are used for uranium [16].

1.4.1 Breeding, comparison between the Th-U and U-
Pu cycles

In the U-Pu Cycle, the fertile element is 23U, the fissile element it can produce
- 239
is ““Pu.

n—capture

— 239
238U 239U i Np 239Pu

An 28U nucleus captures a neutron, it becomes a U nucleus; this is
radioactive by B-decay with a half life of 23.4 minutes. The #°U nucleus
decays to 23*Np, which is radioactive by 3-decay with a half life of 2.35 days.
The 23*Np nucleus decays to *Pu which has a very long half life. The 23°Pu
nucleus fissions with a Neutron Induced Fission Cross Section (o) or captures
a neutron and becomes °Pu with a Neutron Capture Cross Section (o,.). The
fission reaction yields fission products and neutrons. The neutrons can be
captured by a 2**U nucleus or captured by a 23*Pu nucleus.
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On the chart of elements, and taking in account the possible production
of minor actinides through successive neutron captures, the process can be
represented as shown below in Figure 1.5.
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Figure 1.5: Partial isotope chart for the U-Pu cycle. Shown in green, the
fissile nuclei. The arrows pointing up-left show the g-decay of isotopes creating
isotopes of different elements and leading to the need for successive neutron
captures to achieve a fissionable isotope. If S-decay or neutron capture occurs
instead of fission, the production of minor actinides will be favored.

In the case of the Th-U Cycle, the fertile element is 232Th, the fissile element
it can produce is 233U.

n—capture B—decay

223 m

B—decay
233 Pa T 233U

232Th 233Th

A 232Th nucleus captures a neutron, it becomes a 2*3Th nucleus; this is
radioactive by B-decay with a half life of 22.3 minutes. The 23*Th nucleus
decays to 2*3Pa, which is radioactive by 3-decay with a half life of 27 days.
The #3Pa nucleus decays to 23U which has a very long half life. The 233U
nucleus fissions with cross section o or captures a neutron and becomes ***U
with cross section o.. The fission reactions yields fission products and neutrons
which can be captured by a 232Th, induce fission or be captured in the 233U
nucleus.

On the chart of the elements, and taking in account the possible production
of minor actinides through successive neutron captures, the process can be
represented as shown below in Figure 1.6.
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Figure 1.6: Partial isotope chart for the Th-U cycle. Shown in green, the fissile
nuclei. Due to the smaller mass of the 2*2Th, the production of minor actinides
via the -decay and successive neutron captures is mitigated.

1.4.2 Conversion versus Breeding

With the set of reactions described, starting from 2%U or from 232Th, it is
possible to obtain:
e Conversion if, at equilibrium, exactly as many fissile nuclei are produced
as are consumed.
e Breeding if, at equilibrium, more fissile nuclei are produced than are
consumed.

In either case, the fuel that the reactor receives is a mixture of fissile and fertile
nuclei. The fissile element releases their energy in the form of v radiation, «
particles and neutrons. Some neutrons will trigger fission events for the next
generation and others will induce transmutation reactions. The fertile nuclei
are progressively transmuted to fissile nuclei and the entire fuel is eventually
consumed. The fissile nuclei in the reactor at start up can be different from
those that the fertile element will produce. Let us take, as an example, the Th-
U cycle. There is no 233U in nature. The cycle can be started with Plutonium
taken from the spent fuel of today’s reactors. There is plenty of that Plutonium
in the world and the aim is to get rid of it. As the Plutonium is used in
the reactor, it is replaced with 233U. 2*Pu would thus serve as a "match”
for the Th-U cycle, the additional advantage being, then, the destruction of
otherwise cumbersome Plutonium stocks coming from today’s reactors which
cannot burn all their Plutonium for safety reasons. The ability of Th-U reactors
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to operate safely with both 233U and ?*°Pu will have to be ascertained. The
computer simulations of a Thorium reactor done at ISN (Institut des Sciences
Nucléaires de Grenoble) [19] have confirmed that Plutonium could indeed be
used to initiate a Thorium cycle.

1.4.3 Th-U cycle advantages over the U-Pu cycle

It was previously mentioned that the capture and fission cross sections of nuclei
depend on the neutron energies. This holds also for the ratio of the capture
and fission cross sections. They can become so nearly equal that, in a given
step of our cycles, a capture is almost as likely as a fission.

Such is the case in the U-Pu cycle for thermal neutrons (neutron energy
less than 1 eV). For these energies, the cross section ratio (see Figure 1.7),
favors fission reactions over neutron capture. For fast neutrons (neutron energy
around 200 keV), the ratio is close to 90/10 (see Figure 1.7). With thermal
neutrons, too many neutrons are wasted in captures and conversion cannot
be obtained. Moreover, a capture on 2*?Pu gives 2°Pu and one more neutron
will have to be lost in a capture in order to reach *'Pu which is fissile. But
24Py itself is liable to capture a neutron without fissioning. It is thus possible
to climb repeatedly towards heavier minor actinides. It is with this kind of
capture that minor actinides are produced in reactors [20].

Ratio between ENDF/B-VII.1: Pu-239(N,F) and Pu-239(N,G)Pu-240
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Figure 1.7: Fission to neutron capture cross sections ratio for *Pu as a func-
tion of neutron energy [21]
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As can be seen in Figure 1.7, fission is about two times more probable than
capture for thermal neutrons while, for fast neutrons, capture has a very low
probability.

The Th-U cycle behaves quite differently. The cross section ratio (see
Figure 1.8), is closer to 90/10 over the full energy range of neutrons in a
reactor. For 100 neutron interactions with 2*3U nuclei, 90 will yield a fission,
and 10 will lead to a simple capture. For all energies, an average of 1.1 neutrons
are needed per fission, the latter producing an average of 2.5 neutrons.

Ratio between ENDF/B-VII.1: U-233(N,F) and U-233(N,G)U-234

Cross section ratio
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Figure 1.8: Fission to capture cross sections ratio for 23U as a function of
neutron energy [21].

As can be seen in Figure 1.8, the fission cross section is about 10 times
larger than that of capture over the full energy range. Multiple resonances
occur between 1 eV and 100 eV. Because of its poor cross section ratio for
low neutron energies, a reactor based on the U-Pu cycle cannot operate as
a converter with thermal neutrons, it can achieve conversion only with fast
neutrons. On the contrary, with the Th-U cycle, the ratio of cross sections
is favorable to conversion both for fast neutrons and for thermal neutrons as
shown in Figure 1.9, a reactor based on the Th-U cycle can operate as a con-
verter (or breeder) with thermal neutrons or with fast neutrons.

The difficulty connected with the Th-U cycle is that 233Pa has a relatively
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long 27 days half life: It can well capture neutrons, producing 2**Pa before
decaying to the fissile 233U. 2*Pa decays to 2**U (with a half life of 6 hours)
which is fertile and an additional neutron capture will be needed to reach 23U
which is fissile. Computer simulations show that the neutron losses due to
captures on Protactinium and ?*2U formation can jeopardize breeding.
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Figure 1.9: Fission and neutron capture cross sections (barns) for 232Th as a
function of neutron energy [21].

1.4.3.1 Proliferation

As previously mentioned, the lack of 233U in nature necessitates using a differ-
ent fissile material, such as 2**U (or perhaps ***Pu), to prime a reactor running
on thorium. Given the present-day proscription against commercial fuels that
are too highly enriched in ?*U, a considerable amount of (non-fissionable) 28U
would clearly need to be included in the primer; current standards require at
least 80 percent, and more is typical. As is the case with conventional reactors,
this would make it impossible to use the fresh fuel for a bomb without first
having to go through the technically difficult step of isotropically enriching the
uranium.

The main advantage of using a combination of thorium and uranium is
the significant reduction in plutonium content of the spent fuel compared with
what comes out of a conventionally fueled reactor.

Indeed, the approach undergoing the biggest effort in investigation nowa-
days is a combination that keeps a uranium-rich ”seed” separated from a
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thorium-rich ”blanket” [22]. The chief proponent of this concept was the late
Alvin Radkowsky.

Radkowsky’s idea was to construct special fuel assemblies that could be
used in typical water-cooled reactors with very little modification. These units
are made up of a central seed region containing fuel rods filled with reactor-
grade uranium (that is having no more than 20 percent ?*U). Surrounding the
seed is a blanket region with fuel rods containing thorium and a small amount
of uranium. Having ?*®U in the blanket prevents anyone from withdrawing
these rods and using only chemical means to separate out the fissionable 233U
that is created over time.

Radkowsky and his colleagues had calculated that their scheme would re-
duce the amount of plutonium produced by 80 % compared with what goes on
in a conventionally fueled reactor of the same energy output. Moreover, they
found that the mix of plutonium isotopes generated, mostly in the seed fuel,
would not be particularly desirable for military use, because a bomb made
from it would be extremely unlikely to give much explosive yield. Also, the
plutonium has such a high content of the **Pu isotope that its decay heat
may be sufficient to melt or damage the other materials used in constructing
a weapon.

The work at Shippingport was developed by Alvin Radkowsky, who was
the chief scientist of the United States Navy’s nuclear propulsion program
from 1950 to 1972 and headed the team that built the Shippingport plant.
The Radkowsky Thorium Reactor (RTR) addresses the aspects of the thorium
fuel cycle that are considered sensitive from the point of view of weapons
proliferation. In particular, the RTR avoids the need to separate 233U,

Radkowsky proposed the use of a heterogeneous seed-blanket fuel assembly
geometry, which separates the uranium (or plutonium) part of the fuel (the
seed) from the thorium part of the fuel (the blanket). In the blanket part, 23U
is generated and fissioned, while the seed part supplies neutrons to the blanket.
Either uranium enriched to 20% 2*°U or plutonium can be used in the seed
region. One method of increasing the proliferation resistance of the design is to
include some 238U in the thorium blanket. Any uranium chemically separated
from it (for the #**U ) would not be usable for weapons. Used blanket fuel
would also contain 22U, which decays rapidly and has very active y-emitter
daughters creating significant problems in handling the bred ?3*U and hence
conferring proliferation resistance. Plutonium produced in the seed will have
a high proportion of 2%®Pu, generating a lot of heat and making it even more
unsuitable for weapons than normal reactor-grade plutonium [22].

The calculations made for the plutonium production do, however, support
Radkowsky’s assertions that the spent fuel would contain appreciable amounts
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of 238Pu, a highly radioactive isotope, which thus produces a lot of heat.

The production of such large amounts of 2**Pu comes about because more
of the fuel is consumed than is the case in conventional uranium-fueled reac-
tors. An equivalent amount of 2**Pu could be created using an all-uranium
fuel, but this would require a higher initial amount of fissile uranium (?*>U)
than is typical in today’s practice, and the economic projections for that are
discouraging.

1.4.3.2 Radiotoxicity of the waste

232 Th and 85U are separated by 6 mass units and 2 charge units. Neutron
captures lead to heavier actinides in the U-Pu cycle than in the Th-U cy-
cle. Heavier actinides have shorter half lives so that, for the same amount of
fuel, the radioactivity of a U-Pu fuel is larger than that of a Th-U fuel. The
consequences are negligible as long as the fuel is in the reactor.

It affects reprocessing significantly, in the way that more care must be taken
in the handling, transportation and physico-chemical processing of the fuel. It
is even more important when reprocessing and losses are considered: neither
chemistry nor physics can achieve 100 % efficiency, some heavy nuclei are lost
during reprocessing. Theses losses are small, they are estimated at 0.1% but
they are not equal to zero. The radiotoxicity of nuclear waste produced by
converter reactors can be so low that these fuel reprocessing losses can end up
dominating the residual toxicity. The nature and amount of actinides produced
can thus become a determining factor in the choice of the fuel cycle on one
hand, and in the choice between fast or thermal neutrons, on the other hand.

Concerning the fuel, as we have just seen, the Th-U cycle produces fewer
cumbersome actinides, in this respect, it is a better choice than the U-Pu cycle.

As shown before, a reactor based on the Th-U cycle can operate as a
converter either with fast neutrons or with thermal neutrons. Let us examine
how these differ in the actinides they generate. A reaction which we have not
yet mentioned because its probability is very low has a significant incidence on
actinide production. It is a so called ”threshold” reaction, because it can occur
only if the energy of the captured neutron is large (larger than a few MeV). Tt
is the (n,2n) reaction, in which the nucleus, having captured a neutron, emits
2 neutrons. This reaction is a cause for additional actinide production in a
fast neutron reactor [23, 20].

Thus, actinide production in the Th-U fuel cycle is lower in a reactor with
thermal neutrons, because of the very low probability of (n, 2n) reactions
in these circumstances. The reaction probability is very small but not zero,
because the fast neutrons emitted during a fission can be captured before they
are slowed down (moderated) by successive scattering interactions.
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The reactor liable to produce the least actinides would then be a thermal
neutron reactor based on the Th-U cycle. There are two reasons for reducing
the production of minor actinides.

1. They increase the fuel’s radioactivity (in the reactor and during repro-

cessing).

2. They increase the radiotoxicity of losses.

In Figure 1.10, a graphic representation of the radiotoxicities generated for
a given amount of energy produced by the various technologies as a function
of time gives a better understanding of the phenomena. The radiotoxicity
due to the fission products is roughly the same for all the technologies, it
dominates in the short term, because of the contribution of Short Lived Fission
Products (SLFP). After a few hundred years, the radiotoxicity due to fission
products falls to a relatively low level, very much below that of the natural
Uranium used in the PWR case, then remains flat; that is the contribution
of very LLFP. The radiotoxicity of the spent fuel from a PWR reaches the
radiotoxicity level of the natural Uranium used for that PWR one million years
after fuel unloading. The other curves are far below that of the Th-U cycle
with thermal neutrons being the lowest. It reaches the radiotoxicity level of
the Thorium used after a little more than ten thousand years.
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Figure 1.10: Radiotoxicity as a function of time (logarithmic scales). FP:
fission products without transmutation. PWR; spent fuel from a PWR ex-
cluding depelted Uranium; U-PU: fast neutron U-Pu fuel cycle; TH-U/ADS:
fast neutron Th-U fuel cycle; Th-U/MSR: slow neutron Th-U fuel cycle [23].

It is customary to represent the radiotoxicity at one thousand years, as on
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Figure 1.11. It is the time when the radiotoxicity due to the fission products
becomes small and the time when the actinides begin to dominate. That
is the time when it becomes interesting to compare the technologies using a
representation that allows more precise reading, at a specific time. Moreover,
while the time curves the global values were shown in Figure 1.10, the losses
and inventories are shown in Figure 1.11.
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Figure 1.11: Radiotoxicities for the different technologies at 1000 years after
discharge, due to the actinides in the wastes generated by 200 yr of energy
generation and in the final inventory for different reactors simulated in this
study, assuming the type-A waste regeneration scenario. For comparison, the
radiotoxicity of the non-reprocessed wastes from a PWR, reactor is included.
All values are normalized to the installed thermal capacity [24]

1.4.4 Past experience - Thorium R&D History

The use of thorium-based fuel cycles has been studied for about 40 years, but
on a much smaller scale than uranium or uranium/plutonium cycles. Basic
research and development has been conducted in Germany, India, Japan, Rus-
sia, in the UK and in the USA. Test reactor irradiation of thorium fuel to high
burn-ups has also been conducted and several test reactors have either been
partially or completely loaded with thorium-based fuel [25].

Noteworthy experiments involving thorium fuel include the following, the
first three being high-temperature gas-cooled reactors:
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e Between 1967 and 1988, the Atom Versuchs Reaktor (AVR) (Nuclear
Test Reactor), experimental pebble bed reactor at Jiilich, Germany,
operated for over 750 weeks at 15 MWe, about 95% of the time with
thorium-based fuel. Overall a total of 1360 kg of thorium was used,
mixed with High-Enriched Uranium (HEU). Burn-ups of 150,000 MWd/t
were achieved.

e Thorium fuel elements with a 10:1 Th-U HEU ratio were irradiated in
the 20 MWth Dragon reactor at Winfrith, UK, for 741 full power days.
The Th-U fuel was used to 'breed and feed’, so that the ?*3U formed
replaced the 2°U at about the same rate, and fuel could be left in the
reactor for about six years.

e General Atomics Peach Bottom high-temperature, graphite-moderated,
helium-cooled reactor in the USA operated between 1967 and 1974 at
110 MWth, using HEU with thorium.

e In Canada, Atomic Energy of Canada Limited (AECL) has more than
50 years experience with thorium-based fuels, including burn-up to 47
GWd/t. Some 25 tests were performed until 1987 in three research
reactors and one pre-commercial reactor, with fuels ranging from ThO,
to that with 30% UOs, though most were with 1-3% UQOs, the U being
high-enriched [26].

e In India, the Kamini 30 kWth experimental neutron-source research re-
actor using 223U, recovered from ThO, fuel irradiated in another reactor,
started up in 1996 near Kalpakkam. The reactor was built adjacent to
the 40 MWt Fast Breeder Test Reactor, in which the ThO, is irradiated
[27].

e In the Netherlands, an aqueous homogeneous suspension reactor oper-
ated at 1 MWth for three years in the mid-1970s. The HEU/Th fuel was
circulated in solution and reprocessing occurred continuously to remove
fission products, resulting in a high conversion rate to 233U.

Much experience has been gained in thorium-based fuel in power reactors
around the world, some using high-enriched uranium HEU as the main fuel:

e The 300 MWe Thorium High Temperature Reactor (THTR) in Ger-
many was developed from the AVR and operated between 1983 and 1989
with 674,000 pebbles, over half containing Th/HEU fuel (the rest being
graphite moderator and some neutron absorbers). These were continu-
ously recycled on load and on average the fuel passed six times through
the core.

e The Fort St. Vrain reactor was the only commercial thorium-fuelled
nuclear plant in the USA, also developed from the AVR in Germany,
and operated 1976-1989. It was a high-temperature (700°C), graphite-
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moderated, helium-cooled reactor with a Th/HEU fuel designed to oper-
ate at 842 MWth (330 MWe). The fuel was in microspheres of thorium
carbide and Th/?*U carbide coated with silicon oxide and pyrolytic car-
bon to retain fission products. It was arranged in hexagonal columns
("prisms’) rather than as pebbles. Almost 25 tonnes of thorium was used
in fuel for the reactor, and this achieved 170,000 MWd/t burn-up.

e Thorium-based fuel for PWRs was investigated at the Shippingport re-
actor in the USA.

e In India, thorium has been used for power flattening in the initial cores
of the two Kakrapar pressurised heavy water reactors (PHWRs).

e The 60 MWe Lingen Boiling Water Reactor (BWR) in Germany utilised
Th/Pu-based fuel test elements.

1.4.5 The experimental confirmation of breeding in a
power reactor using Th

The Light Water Breeder Reactor (LWBR) concept is a major potential ap-
plication for conventional Pressurized Water Reactor (PWR) and was suc-
cessfully demonstrated at the Shippingport reactor in the USA. Shippingport
commenced commercial operation in December 1957 as the first large-scale nu-
clear power reactor to be operated solely for electricity production. In 1965 the
Atomic Energy Commission began designing a 23%U/Th core for the reactor
and in 1976, the Energy Research and Development Administration estab-
lished the Advanced Water Breeder Applications programme to evaluate the
LWBR concept for commercial-scale applications. Shippingport operated as
an LWBR between August 1977 and October 1982. During this period, the
demonstration LWBR operated for over 29,000 effective full power hours with
an availability factor of 76 % and had a gross electrical output of over 2.1 bil-
lion kWh. Following operation, inspection of the core found that 1.39 % more
fissile fuel was present at the end of core life than at the beginning, proving
that breeding had occurred [28].

1.4.6 India’s plans for thorium cycle

With about six times more thorium than uranium, India has made utilization
of thorium for large-scale energy production a major goal in its nuclear power
programme, utilising a three-stage concept:

Pressurised Heavy Water Reactor (PHWR) fuelled by natural uranium,
plus light water reactors, producing plutonium. Fast Breeder Reactor (FBR)
using plutonium-based fuel to breed *3U from thorium. The blanket around
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the core will have uranium as well as thorium, so that further plutonium
(particularly 23°Pu) is produced as well as the 233U. Advanced heavy water
reactors burn the ?*3U and this plutonium with thorium, getting about 75 %
of their power from the thorium. The used fuel will then be reprocessed to
recover fissile materials for recycling. This Indian program has moved from
aiming to be sustained simply with thorium to one ’driven’ with the addition
of further fissile uranium and plutonium, to give greater efficiency. In 2009,
despite the relaxation of trade restrictions on uranium, India reaffirmed its
intention to proceed with developing the thorium cycle.

Another option for the third stage, while continuing with the PHWR and
FBR stages, is the use of sub-critical accelerator driven systems.

1.4.7 Thorium and accelerator driven systems

In an Accelerator-Driven System (ADS), high-energy neutrons are produced
through the spallation reaction of high-energy protons from an accelerator
striking heavy target nuclei (lead, lead-bismuth or other material). These
neutrons can be directed to a sub-critical reactor containing thorium, where
the neutrons breed #*3U and promote the fission of it. There is therefore the
possibility of sustaining a fission reaction which can readily be turned off, and
used either for power generation or destruction of actinides resulting from the
U-Pu fuel cycle. The use of thorium instead of uranium reduces the quantity
of actinides that are produced [29].

1.4.8 Issues in the development of a Thorium based fuel
cycle

Despite the thorium fuel cycle having a number of attractive features, devel-
opment has always run into difficulties.

The possibility of utilizing a very abundant resource which has hitherto
been of so little interest that it has never been quantified properly. The pro-
duction of power with few long-lived transuranic elements in the waste and a
radioactive waste richer in short lived nuclides.

The problems include:

e The high cost of fuel fabrication, due partly to the high radioactivity of
233U chemically separated from the irradiated thorium fuel.

e Separated 233U is always contaminated with traces of 22U (69 year half-
life but whose daughter products such as 2°T1 are strong gamma emitters
with very short half-lives). Although this confers proliferation resistance
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to the fuel cycle by making 233U hard to handle and easy to detect, it
results in increased costs.

e Some concern over weapons proliferation risk of 233U (if it could be sep-
arated on its own), although many designs such as the Radkowsky Tho-
rium Reactor address this concern [22].

e The technical problems (not yet satisfactorily solved) in reprocessing
solid fuels. However, with some designs, in particular with the MSR,
these problems are likely to largely disappear.

e Much development work is still required before the thorium fuel cycle
can be commercialized, and the effort required seems unlikely while (or
where) abundant uranium is available.

Nevertheless, the thorium fuel cycle, with its potential for breeding fuel
without the need for fast neutron reactors, holds considerable potential in the
long-term. It is a significant factor in the long-term sustainability of nuclear
energy.
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Chapter 2

Theoretical introduction

In this chapter an overview of the theoretical background needed for the full
understanding of the particular data analysis process described in this docu-
ment will be performed.

The concept of neutron cross section will be introduced together with the
compound nucleus theory and the R-matrix formalism.

The main features of the principal neutron induced reactions will be ex-
plained as well as the technique used for measuring the cross sections in this
work.

2.1 Nuclear reactions induced by neutrons

2.1.1 Neutron interactions with matter

With the exception of hydrogen, nuclei of atoms consist of protons and neu-
trons, which are therefore collectively referred to as nucleons. The neutral
charge gives to neutrons the ability of interact directly with the nucleus as
they are insensitive to the Coulomb barrier [30]. Even a very low energy neu-
tron is able to trigger a reaction with a nucleus. The lack of charge also leads to
the ability that neutrons possess to cross large thickness of materials without
interacting.

In a free state (without being bound in a nucleus) the neutron will S-decay
within a half life of approximately 10.2 minutes releasing 0.78 MeV of energy
[31].

n—p+e +v

In an energy range that goes from a few tenths of meV to tenths of MeV,
11 minutes is a long time allowing for a free neutron to interact. In this energy
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range, neutrons can interact with matter by two types of reactions, direct and
formation of compound nucleus.

In the case of a direct reaction, the neutron interacts directly with one or
several nucleons of the target nucleus within a very short time interval of the or-
der of 10722 s without forming a compound nucleus. This reaction is important
for neutrons in the energy range of the MeV where the De Broglie wavelength
of the neutron becomes comparable to the size of nucleons but negligible for
less energetic ones specially in the case of heavy nucleus like the actinides
(soActinium, goThorium, ¢;Protactinium, goUranium..., jpgLawrencium). At
lower neutron energies, mainly for light mass or closed shell nuclei, direct reac-
tions may contribute significantly to the total reaction cross section. In general
for neutrons with energies below 1 MeV, the here discussed compound nucleus
reactions prevail.

In a compound nucleus reaction a neutron interacts with a nucleus to form
a temporary compound nucleus, which is characterized by a longer interaction
time in comparison with direct reactions. In fact, these reactions take place in
a time interval thousands of times larger. This longer interaction time allows
the incident neutron to interact with the nucleons until the available binding
energy plus the kinetic energy is shared by all the nucleons including the
incoming neutron. This new equilibrium state corresponds to the compound
nucleus. At this moment, the compound nucleus is in a excited state and
several alternatives become available to release the energy surplus. Typically
the compound nucleus will release the energy by emission of ~-rays, or by
fission, or by neutron emission which will therefore modify the initial target
nucleus leading to the formation of a new isotope or new elements [32].

234U + v

23[] 4 p —— 234* —— Flission fragments + xn

|

*BU +n 220 + 2n 4~

Another possible way for the neutron to interact with the target nucleus is
by potential scattering. In this case, the incident neutron will not penetrate
the target nucleus, instead, it is reflected due to the so called hard sphere effect
of the nucleus. In this reaction, the total kinetic energy is conserved and the
scattered neutron is the same as the incident. The process is denominated by
potential elastic scattering.

From the energetic point of view, the scattering reaction can be differ-
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entiated in elastic and inelastic reactions. Also the incident neutron can be
absorbed or not by the target nucleus.

The inelastic scattering is very similar to the elastic scattering except in
the fact that some of the kinetic energy of the incident neutron is transfered
to the target nucleus leaving it in an excited state. The target nucleus will
go back to the ground state by emitting a number of v-rays depending of the
excited state achieved.

Other possible reactions like neutron capture or radiative capture, fission,
(n,p), (n,a), (n,zn) are characterized by the absorption of the neutron.

A decomposition of the total cross section in the basic nuclear reactions can
be found in Table 2.1. The direct reaction contribution was omitted due to
the fact of occurring at higher energies that the ones discussed and of interest
to this work.

Table 2.1: Decomposition of the total cross section in the basic nuclear reac-
tions

Total cross section
No
compound Compound nucleus formation
nucleus
formation
Scattering Absorption
Elastic Inelastic
Potent'lal Reson‘ant Resona.nt Radiative o (n,p)
elastic elastic inelastic Fission (n, o)
. . . capture
scattering scattering scattering (n,zn)

The neutron capture and neutron induced fission are the reactions of most
interest for the work here discussed.

In the case of neutron capture, the incident neutron will be absorbed by
the target nucleus forming a compound nucleus which is an excited state with
energy equal to the sum of the incident neutron kinetic energy plus the binding
energy of a nucleon on the compound nucleus. This energy can be released by
the emission of several y-rays until the nucleus (X4*1) reaches the ground state.
The 7-rays energy spectrum is defined by the selection rules which depend on
the spin, parity and excited level energies in the compound nucleus, leading to
a discrete spectrum.

The neutron fission leads also to the incident neutron absorption. The
result is a deformed, unstable nucleus which will brake in more stable frag-
ments, neutrons and accompanied by the emission of energy in the form of
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~-rays. This reaction is most relevant for heavy nucleus and is for some iso-
topes characterized by a low energy threshold for the incident neutron.

Finally, the reactions which leads to the emission of particles depend most
of the incident neutron energy. If the neutron’s kinetic energy is enough,
the compound nucleus will release the excitation energy by emitting charge
particles like protons or an « or several neutrons in the case of a (n,xn)
reaction.

The life time of an excited state in the compound nucleus 7 is finite and
follows the Heisenberg uncertainty principle

7-I'=h (2.1)

where I' represents the energetic width of the excited level and therefore the
resonance width.

In Table 2.1 where the possible compound nucleus reactions induced by
neutrons are enumerated, several ‘channels’” are available for the de-excitation
of the compound nucleus. An incident neutron in a 23U target can react with
the target nucleus by neutron capture, neutron induced fission, elastic and
inelastic scattering. The total cross section for a given excited state is there-
fore defined by by the partial widths associated with the available channels
(L, Ty, T, T).

D=0, + T+ T+ T+ ... (2.2)

The excited states correspond to quantum states with a finite life time.
The decay time probability of this states is given by a negative exponential
function. The probability distribution as a function of the energy associated to
this states is given by the square of the absolute value of the Fourier transform
of the exponential.

r'/2n

P(E) = (E — Eo)? +12/4

(2.3)

2.2 Resonant behavior of the neutron interac-
tion cross section

One of the most striking features of neutron-nucleus interactions is the res-
onance structure observed in the reaction cross sections at incident neutron

energies typically below 1 keV for most heavy nuclei [33]. Since the electri-
cally neutral neutron has no Coulomb barrier to overcome, and has a negligible
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interaction with the electrons in matter, it can directly penetrate and inter-
act with the atomic nucleus, even at very low kinetic energies in the order of
electron-volts.
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Figure 2.1: Neutron capture (green) and neutron induced fission (blue) cross
section for the 233U form ENDF/B-VIIL.1

The need to quantify the probability of a given incident particle to react
with a target nucleus led to the introduction of the “cross section” concept. As
the name suggests, this concept is based on the idea that an incoming particle
sees a given target area which could be the geometrical cross section. As will
be shown later, this is not realistic in terms nor conceptually but works as a
simplistic introduction. This quantity depends on the target nucleus, on the
type of reaction occurring and on the incident particle kinetic energy. The
unit associated with this quantity is the barn (1 barn = 107 cm?) and cor-
responds approximately to the geometrical cross section of a nucleus. Against
the classical idea, the cross section for a incident neutron on a target nucleus
can vary by several orders of magnitude on an energy scale of only a few eV.
This can be clearly seen in Figure 2.1 where the neutron capture and neutron
induced fission for the 233U is shown over a large interval of incident neutron
energies. The deviation from the pure geometrical collision factor and the
variations with the incident neutron energy, target nucleus, and reaction type
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are related with the formation of a compound nucleus. Looking at Figure 2.1,
its easy to remark that the fission and capture cross section variations occur
at the same neutron energies. The origin of the resonances is well understood:
they are related to the excitation of nuclear states in the compound nuclear
system formed by the neutron and the target nucleus, at excitation energies
lying above the neutron binding energy typically several MeV. This specific
energies correspond to excited states of the compound nucleus.

The compound nucleus model was introduced by Niels Bohr [34] to explain
the observed resonances in neutron-nucleus reactions. The wavelength of low
energy neutrons is comparable to the size of the nucleus. Typical widths (") of
measured resonances are in the order of electron-volts. According to Heisen-
berg’s uncertainty principle, the corresponding life time of the compound nu-
cleus is in the order of 7 = h/T" ~ 10755, several orders of magnitude larger
than the typical time needed by a neutron to cross a nucleus without interac-
tion. In this picture, the neutron binding energy which becomes available to
the compound nucleus, is rearranged among all nucleons, and gives rise to a
complex configuration corresponding to a well defined nuclear state with an
energy, spin and parity. Within Fermi’s description of excitations of particle-
hole configurations, such a state would correspond to an extremely complicated
configuration of a many particle, many hole state. The compound nucleus may
then decay through the energetically allowed channels. The type of decay and
the decay probability of the compound nucleus is considered to be independent
from the way how the compound nucleus was formed, but respecting conserva-
tion of energy and angular momentum. The decay probability is equal to the
branching ratio I', /T" where I, is the width related to the decay by emission
of a particle x, which at low energy is mainly a gamma ray or a neutron.

In Figure 2.2 a picture of the compound nucleus reaction is sketched. After
the formation of the highly excited state by an incident neutron, the compound
nucleus can decay by emission of gamma radiation, which is called radiative
neutron capture, or by emission of a neutron, which is elastic scattering. If the
kinetic energy of the neutron is high enough, threshold reactions are possible,
like inelastic scattering, leaving the target nucleus in an excited state. If the
excitation energy is higher than the fission threshold, fission is energetically
allowed. Due to the pairing effect, the neutron binding energy for even com-
pound nuclei is considerably lower than for odd compound nuclei, which for
some of the heavy nuclei results in a fissionable nucleus even if the incident
neutron has nearly zero kinetic energy. All these reactions show resonances at
the same energies corresponding to the excitation of the nuclear levels in the
compound nucleus. The shapes of the resonances are different and related to
the involved widths and their quantum numbers.
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Figure 2.2: Schematic view of the formation and decay of a compound nucleus
with typical values of level spacing and neutron separation energy. The reso-
nances observed in the reaction cross section correspond to the excitation of
nuclear levels.

The possible neutron-nucleus reactions vary with incident neutron energy.
The nuclear reaction that is always present if a reaction is energetically al-
lowed is elastic scattering. This may be scattering from the nuclear potential,
also called shape elastic or sometimes hard sphere scattering, without form-
ing a compound nucleus. In addition resonant elastic scattering through a
compound nucleus may be present. The potential scattering is a smooth and
nearly energy independent cross section as a function of energy but interferes
with the resonant scattering cross section.

The shape of isolated resonances in reaction cross sections have in good
approximation a Breit-Wigner shape [35]. The squared absolute value of the
Fourier transform of ®(t) gives the energy distribution P(F) (Eq. (2.3)) having
the Breit-Wigner form which is the typical shape for any quantum-mechanical
state with a finite lifetime. This equivalence in the time and energy domain is
illustrated in Figure 2.3.
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Figure 2.3: The Breit-Wigner shape of the energy profile (right) of a quantum
state with a finite life time 7 (left)

In the limiting case of a single, isolated resonance with orbital momentum
¢ =0 at low energy Ejy and with capture, fission and elastic scattering as the
only open channels, the total cross section can be expressed in the single level
Breit-Wigner formula as:

AT (E — Eg)R' /A +T2 +T,I, + T,
or(E) = 41R"” 4+ m\%g ( ( ) F/A+ T, + Tl + f> (2.4)

(B — E)* + (I'n + Ty + Ty)2/4

where I',, is the neutron width, I', the radiative width, I'; the fission width,
g the statistical spin factor and A the reduced de Broglie wave length of the
neutron. The first term in the sum is the potential scattering cross section
0, = 47 R, where R’ is the effective nuclear radius, with a value close to the
channel radius a, and is defined as:

a, = agA? (2.5)

ap is approximately 1.4 and A = Apgrticie 1 + Aparticie 2 15 the total number
of nucleons.

The boundary a. is the limit between the internal region, where there is
an unknown potential and the wave functions can not be found by solving the
Schrodinger equation, and the external region, where the potential is known
(zero or Coulomb) and the wave functions can be calculated. Although there
is no sharp limit, in practice the channel radius a. can be taken just slightly
larger than the nucleus radius.

At the high excitation energies above the neutron binding energies, for
most nuclei the nuclear system is extremely complex and no nuclear model is
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capable of predicting the position and other properties of these excited states
[36]. Cross sections can therefore be accessed only by measurements. For a
heavy nucleus the wave function describing such a highly excited state may
have as much as 10° components. Also the level density in this region is
consequently very high. A neighboring eigenstate can be excited by only a
small change in excitation energy and may have a completely different wave
function. This is a manifestation of what is also called chaotic behavior. Due
to extreme configuration mixing, the nucleus in this regime above the neutron
threshold has a statistical behavior. This is expressed by the assumption that
the matrix elements relating nuclear states have a random character, governed
by a Gaussian distribution with zero mean. This statistical model of the
compound nucleus is referred to as the Gaussian Orthogonal Ensemble (GOE)
[37, 38, 39, 40, 41].

The statistical model has direct consequences on the observables of the re-
action cross sections. The channel widths are proportional to the square of the
matrix elements and have therefore a y? distribution with one degree of free-
dom, also called the Porter-Thomas distribution [42]. The observed gamma
width of a resonance is the sum of many several tens of thousand individ-
ual gamma widths for medium and heavy nuclei and tends therefore more to
a Gaussian distribution. Observed fission widths correspond to a relatively
small number of fission channels, at maximum three or four. The resulting
distribution can be approximated by an effective chi-squared distribution with
a small, fractional number of degrees of freedom [43].

2.3 Non-resonant behavior of the neutron in-
teractions

With increasing excitation energy the widths of the states start to overlap and
the resulting cross sections become smooth. The properties of the eigenstates,
like the decay widths, fluctuating from one state to another, become apparent
as values averaged over many resonances. These average values on the contrary
can be predicted by nuclear models, parametrized with average properties.
Measured average cross sections can therefore fine tune the parametrization of
these models.

At even higher excitation energies, many more decay channels open up and
cross section measurements become very difficult or impossible. Reaction cross
sections may therefore only be accessible by nuclear model calculations.
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2.4 Neutron energy distributions

As an example, in Figure 2.4 the neutron capture cross section of 28U is shown
on an energy scale spanning more than ten decades. The resonance structures,
given by resonance parameters, are clearly visible in the low energy part while
the smooth cross section at higher energies is parametrized in the libraries
by interpolation tables. The sudden transition between these two regimes is
therefore not physical but related to these different descriptions.

In order to appreciate the importance of the cross sections at different
energies, typical energy distributions of neutron fluxes are also shown in the
Figure 2.4. The energy region around a few tens of meV is called the thermal
region and is of importance in reactor physics where the water moderated neu-
trons are in thermal equilibrium with the water and have Maxwell-Boltzmann
distributed velocities peaked at an equivalent kinetic energy kgT. For a tem-
perature of nearly 300 K this corresponds to 25.3 meV or a velocity of 2200
m/s. The thermal cross section at 25.3 meV is an important quantity and
can be measured accurately with only small amounts of material in reactor
experiments.

A different energy distribution is found for neutrons in certain stars and
responsible for the synthesis of the isotopes heavier than A = 60 in the universe.
The neutrons are present as a hot gas and also have a Maxwellian kinetic energy
distribution but now at temperatures with kg7' ranging from 5 to 100 keV.

Several distribution functions describe in a satisfactory way the kinetic
energy distribution of neutrons from the nuclear fission process. The neutrons
from 2*°U thermal neutron induced fission follow well a Maxwellian kinetic
energy distribution, peaked at about 1 MeV. This distribution is also shown
in Figure 2.4 (fission spectrum).

Neutron induced reaction data are of great importance for nuclear reactor
physics. In several other fields, including astrophysics and fundamental sym-
metries, neutron induced reactions play also an important role. Some items
will be discussed in the following sections. In addition, important informa-
tion on level densities, a key ingredient in many nuclear reaction codes, can
be obtained directly from neutron resonance spectroscopy [44]. Many of the
experimental data have been compiled [45, 46, 47] and once evaluated, made
available through nuclear data libraries like Standard Nuclear Data Files for
Russia (BROND) [48], ENDF/B-VIIL.1 [21], Joint Evaluated Fission and Fu-
sion File (JEFF) [49], Japanese Evaluated Nuclear Data Library (JENDL) [50]
and Chinese Evaluated Nuclear Data Library (CENDL) [51].
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Figure 2.4: The neutron capture cross section of ?3¥U together with several
different neutron source energy distributions in a wide energy range [36].

2.5 Nuclear cross sections and reaction rates

The microscopic physical quantity used in determining the nuclear reaction
rate and therefore, the interaction of a neutron with a specific nucleus is the
cross section. Moreover, the total cross section is the sum of all the reac-
tions (partial cross sections) allowed between the incoming neutron and target
nucleus.

Ototal = O capture + O fission + O scattering + .. (26)

This concept can actually be easily understood from the experimental point
of view. Considering a beam of neutrons with intensity I(neutrons/cm?/s)
incident on a very thin plate of a given isotope with area A(cm?), density of
nuclei N(nuclei/cm?) and thickness A, (cm). In this case, the collision reaction
rate R(reactions/s) must be proportional to the intensity of the neutron beam
(I) and the number of target nuclei (N *A,*A), with proportionality constant:

R=oxIx(N=x*xA,xA) (2.7)
This constant (o) has the dimension of an area (cm?) and if neutrons were
classical point particles and nuclei were solid spheres, o would simply be the

cross-sectional area of each nucleus.
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2.5.1 Typical cross section behavior vs energy

The partial cross sections are very different depending on the specific reaction
and the energy of the incident neutron. Furthermore, neutron cross sections
are completely different from one isotope to another because they are related
to the nuclear structure of the nucleus under neutron bombardment.

105 _IENDF/B-VILI: U-233(N,G)U-284

Cross Section (barns)

1 I 1 1 1 1 I 1 1 1 1 I 1 1
10710 107 1
Neutron energy (MeV)

Figure 2.5: Neutron capture cross section for the 233U

Figure 2.5 shows the neutron capture (n,y) cross section of ?*3U on an
energy scale spanning more than ten decades. At first sight it is observed that
there is a very wide range of five orders of magnitude between the smallest
and largest cross section values.

The examination of the Figure 2.5 allows distinguishing two well differen-
tiated energy regions attending to the shape of the neutron cross sections:

e Resolved Resonance Region (RRR) which includes the thermal and ep-
ithermal regions, located between 0.025 eV (thermal point) and the first
resonant structure in the eV region. The cross sections are found to be
smooth and inversely proportional to the square root of the energy ( o
~ 1/ EY2 ~ 1/v), that is proportional to the time that the incident neu-
trons spend in the vicinity of the target nucleus. Between a few eV and
several keV, depending on the specific isotope, the cross sections show
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well resolved resonances with large peak to valley variations. The nature
of these resonant structures is related to the existence of quasi-stationary
levels of the Compound Nucleus (n + 47 —> AT1Z*),

e Unresolved Resonance Region (URR). With increasing excitation energy
the resonances start to overlap, because their intrinsic widths become
comparable to the distance between neighboring resonances. At higher
energies, the distance between resonances is much smaller than their
intrinsic widths and resonant structures can not be observed any more.
In addition, more and more reaction channels corresponding to threshold
reactions open up.

The point wise cross sections displayed in Figure 2.5 correspond to the
ENDF/B-VIL.1 evaluated data library [21] for 33U neutron capture.

Usually, the cross sections are provided in a point-wise basis but can also
be parameterized in the appropriate theoretical formalisms (R-matrix) as is
the case with the ENDF/B-VIL1 in the RRR. For instance, the resonant
structures are usually described using the R-matrix formalism in which the
shape of each resonance is given by its energy and spin as well as several
widths I'; related to each open reaction channel and corresponding particular
cross section.

In this way a large number of data points is reduced to just a few parameters
for each resonance and also to plot the cross section at various temperatures.

The 1/v region comes from the tails of all resonances and is always present.
Furthermore, to match the thermal value one or more resonances with negative
energies can be used. The R-matrix formalism can be further extended to the
URR which can be represented as a large number of overlapping resonances
described by a reduced set of average resonance parameters.

As the energy increases, the cross sections are described using complex
models, such as the Optical Potential, based on nuclear structure theory and
the information from the cross sections at lower energies.

2.6 R-matrix formalism

The large peaks correspond to excitations of eigenstates in the compound
nucleus. In order to describe the cross sections in a satisfactory way, the
R-matrix formalism is the most accurate way.

The R-matrix theory has been first introduced by Wigner and Eisenbud
[52]. A most extensive and detailed overview has been given by Lane and
Thomas [53] and by Lynn [37]. More recently Frohner [54] summarized the
R-matrix formalism together with other useful considerations on nuclear data
evaluation. Other related references of interest can be found elsewhere [55, 56,

47



57, 58, 59, 60, 61, 62, 63]. In the following only a brief outline of the formalism
is given in order to understand the principle without giving the full details.

If the wave functions of the nuclear system before and after the reaction
were known, one could calculate the cross section with the usual concepts of
reaction theory. Where the incoming waves are known, the reaction modifies
the outgoing wave functions in a generally unknown way. The idea behind the
R-matrix formalism is to use the wave function of the nuclear system of two
particles when they are so close that they form a compound nucleus.

Although the wave function of the compound nucleus is extremely compli-
cated, one can expand it in its eigenstates. Matching then the incoming and
outgoing waves to the internal wave function provides a way to describe the
cross section of the reaction in terms of the properties of the eigenstates of
the compound nucleus. These properties are basically the energy, spin, parity,
and a set of partial widths related to the widths of the decay modes of the
compound nucleus.

This method of describing a reaction cross section using only the proper-
ties of nuclear excitation levels, is at the same time also the most important
limitation. No information of the forces inside the nucleus are needed or can
be extracted.

The nucleus is treated as a black box of which the properties of the eigen-
states have to be measured in order to describe the cross sections. The binary
nuclear reactions proceeding from one system of two particles to another sys-
tem of two particles can be described with the general R-matrix theory. For
neutron induced reactions, but also in other cases, such a reaction goes often
through the formation of a compound nucleus X*.

A+a—-X"—B+b (2.8)

The R-matrix formalism does not only apply to compound nucleus re-
actions. Both direct and indirect reactions can be described with it. The
inclusion of the Coulomb interaction allows to use it also for charged particle
reactions. But the theory is applicable only in a general way for binary re-
actions which is appropriate for neutron induced reactions up to energies of
several tens of MeV.

In a very general way, the cross section of a two-body nuclear reaction could
be calculated if the nuclear wave functions were known. The wave functions
could be calculated by solving the Schrédinger equation for the nuclear system.
This requires that the nuclear potential is known. When the two particles are
far away, the interaction can be considered absent for neutral particles or to
be the Coulomb interaction for charged particles. In these cases it is indeed
possible to calculate the wave functions. When the two particles are so close
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to each other that a nuclear reaction takes place, the potential of the inter-
action is extremely complicated. For certain energy ranges and reactions this
potential can still be approximated or calculated [64] and the wave functions
and cross sections can be calculated. In other cases however, and especially in
the resolved resonance region, the complexity of the reacting system does not
allow this.

The first step is to consider that the reaction process can be split up ge-
ometrically into two regions for each channel where a channel is the precise
constellation of particles and their spins. The channel radius value has to be
chosen in such a way that outside the channel radius, the potential is well
known and nuclear forces have no longer action.

If the separation is smaller than the channel radius a.., all nucleons involved
in the reaction are close to each other and form a compound nucleus. Although
the wave function of the compound nucleus is extremely complicated, it can be
expanded as a linear combination of its eigenstates without solving explicitly
the Schrodinger equation of the system.

In the external region, at distances larger than a., the potential is zero for
neutral particles or is the Coulomb interaction for charged particles and the
Schrodinger equation of the system can be solved. The properties of the eigen-
states of the compound nucleus are taken together in the R-matrix. Equating
the values and derivatives of the wave functions at the boundary of the internal
and external region assures a smooth wave function and the cross sections can
be calculated. The exact internal wave function is not needed, only the values
and derivatives at the nuclear surface.
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Chapter 3

Status of the 23U nuclear data
available

To understand the reason why the available capture cross sections on 233U,
BTNp, 240242py 241283 A and 24°Cm are not sufficient for the optimization of
a transmutation device and for Generation IV of nuclear reactors, one has to
consider the two steps previous to the release of the corresponding evaluated
files:

e First, the available data sets for 233U, 23"Np, 240.242py, 240243 Am and
245Cm are not accurate enough, are incompatible in some cases, do not
cover the necessary neutron energy range and the resolution provided is
not sufficient.

e Second, the available evaluated cross section files do not agree between
themselves either. More often than it would be desirable, the evaluators
are forced to question and re-investigate the accuracy of specific data
sets in order to reach a self-consistent result in their evaluation for all
the reaction channels.

Thus, the result on the evaluation depends strongly on the decisions adopted
by the evaluator. More accurate measurements are necessary in order to con-
strain the parameters (such as level densities or optical potential parameters)
of the physics models applied.

In the particular case of the work described here, which is dedicated to the
233U (n,y) cross section data, an in depth description of the actual status of the
neutron capture cross section will be made in this chapter.

The focus of the discussion will be on the capture and fission cross section
around the Resolved Resonance Region (RRR) and the Unresolved Resonance
Region (URR) of 233U (Figure 3.1). The RRR is the energy region where
the resonances in cross-section can be separately recognized while the URR is
the region where the resonances in cross-section can no longer be individually
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resolved either due to the resonance overlapping (resonance width comparable
with the space between resonances) or due to experimental limitations.

In the following discussion, the cross section data and information included
in the ENDF/B-VIL.1 library [21] will be taken as reference. Notice that the
ENDF/B-VII.1 library is based on many of the same experimental data sets
as other standard libraries differing sometimes only in the evaluation done.
Taking this in consideration we can now look at the latest changes and im-
provements done to the ?*3U capture and fission cross sections.
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Figure 3.1: ENDF/B-VII.1 evaluation of the total, fission and capture cross
section for 233U

3.1 Cross Sections

In the sequence, the discussion of the cross section evaluation in the RRR and
URR will be performed separately.
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3.1.1 Resolved Resonance Region (RRR)

The data used to obtain the ENDF/B-VII.1 evaluation for the 233U came
from the measurements listed in Table 3.1 where it is possible to see that the
only measurements dedicated to capture are the ones done by Weston et al.
in 1968 [65]. In the evaluation [66], twelve measurements were included but
the ones considered more relevant and used as primary data by the evalua-
tors were the ones done at the Oak Ridge Electron Linear Accelerator Pulsed
Neutron Source (ORELA) [67] by Guber et al. [68] due to better resolution
and broader energy range covered. This measurements were done only for the
transmission and fission and therefore the capture cross section was deduced
using the transmission and fission data.

With the use of the Guber et al. data together with the other data sets,
the 23U RRR was extended from 1 to 600 eV while the unresolved resonance
region covers the energy range from 600 eV to 40 keV (Figure 3.1).

The present cross section evaluation in the resolved resonance region goes
up to 600 eV. This limitation has either to do with TOF measurements suffer-
ing from poor energy resolution or due to a strong overlapping of resonances
which make the resonance analysis almost impossible to perform. The flight-
path used in the Guber et al. measurement was 80 m and to achieve better
resolution, the sample was cooled down to 11 K leading to resonances widths
being reduced by a factor two comparing to room temperature measurements.

3.1.1.1 Fission cross section in the RRR

The fission cross section for 233U has been measured widely in several different
laboratories. One common feature in these measurements is the measurement
being done as a ratio to the 2*°U fission cross section or normalized to other
measurements. Notwithstanding all the measurements done, the uncertainties
and discrepancies are still bigger than what is needed for the feasibility study
and design of nuclear systems based on the Th-U cycle which is a major point
of interest of this cross section.

Data with uncertainties around 1% [2] are needed as also an increase in the
resolved energy range which stops at 600 eV.

New fission data measured at n_TOF [75] that took advantage of the high
instantaneous neutron flux in a very wide neutron energy spectrum and of the
excellent energy resolution of the neutron beam, which is particularly suited for
measurements on radioactive isotopes, allowed to refine the resonance analysis
up to 1 keV.

For the first time, the whole energy range from thermal to 1 MeV is covered
in a single measurement, thus minimizing possible systematic uncertainties
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Table 3.1: Selected measurements for the 233U evaluation [66]

Author

Energy Region
Analyzed (eV)

Main Features

Moore et al.,

Transmission: chopper, TOF 15.7

1960 [69] 0.020 - 15.0 m Sample 0.0037 and 0.0213 at/b
Transmission: chopper, TOF 45 m
Pattenden and 0 b0 150 | Sample 0.00057, 0.00308, 0.01219
Harvey, 1963 [70]
at/b
Weston ot al. Simultaneous measurements of
’ 1.0 - 600.0 capture and fission, Linac TOF
1968 [65]
25.2 m
Weston et al. Simultaneous measurements of
’ 0.020 - 1.0 capture and fission, Linac TOF
1968 [65]
25.6 m
Fission, Linac, TOF 50.1 m,
Blons, 1973 [71] 4.0 - 600 Sample at Liquid Nitrogen
Temperature
Deruyter and
Wagemans, 1974 0.020 - 15.0 Fission, Linac, TOF 8.1 m
[72]
Harvey et al., 0.020 - 1.2 Transmission, Linac, TOF 17.9 m
1979 [73] ' ' Sample 0.00605 and 0.0031 at/b
Wagfglgzn;z]t al. 0.002 - 1.0 Fission, Linac, TOF 8.1 m
Guber ot al. Transmission, Linac, TOF 80 m Cd
1998 [68] ’ 1.0 - 80.0 filter, Sample Temperature 11K
Sample thickness 0.00298 at/b
Guber ot al. Transmission, Linac, TOF 80 m Cd
1998 [68] ’ 7.0 - 600.0 filter, Sample Temperature 11K
Sample thickness 0.0119 at/b
et ‘Eg;]‘l" 1.0-80.0 | Fission, Linac, TOF 80m Cd filter
Gt ‘EES?L’ 7.0-600 | Fission, Linac, TOF 80 m 1B filter

related, for example, to the absolute normalization of the cross section. The
results can be seen in Figure 3.2 and Figure 3.3.



It is important to stress that more accurate resonance data help to improve
predictions of the Doppler reactivity coefficient of advanced reactor systems
that use ?*3U as fuel [76].

The data taken in n_TOF takes advantage of the very long flight-path
of 185 m and has been measured using Fission Ionization Chamber (FIC),
[77], specifically built for fission cross section measurements of radioactive U
isotopes and other actinides at n_'TOF. The detector consists of a stack of
ionization chambers, assembled along the direction of the neutron beam, thus
allowing the simultaneous measurement on several isotopes. In the measure-
ment, four 233U and two 23U samples were used.
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Figure 3.2: ?3U(n,f) cross section measured with FIC chambers at n TOF
compared with other data sets below resolved resonance region [75].

The 233U fission cross section is normalized to the 23°U fission cross section
also measured at the same time in equal experimental conditions. It is impor-
tant to stress that the data are not normalized to any previous result, but rely
only on the standard ?3*U(n,f) cross section.

In Figure 3.2 two resonances at 0.25 and 0.45 eV are visible in the n TOF
data thanks to the better resolution and uncertainties while in Figure 3.3 one
can see the resolved resonance range extended relative to the ENDF/B-VII.1
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Figure 3.3: ?¥3U(n,f) cross section measured with FIC chambers at n TOF
compared with other data sets in the resolved resonance region [75].

library.
Also from n_TOF there are data taken from a simultaneous measurement
of the neutron capture and fission yields (Figure 3.4) [78].

3.1.1.2 Capture cross section in the RRR

The data used in the evaluation for the neutron capture in 23U comes from the
measurement performed by Guber et al. mainly, although a preliminary data
set from capture and fission simultaneous measurement from n_TOF facility at
CERN [78] exist in the Experimental Nuclear Reaction Data (EXFOR) data
base [79] with the entry numbers 23071004 and 23071002 respectively.

Up to now only two other measurements are available for the neutron cap-
ture in 233U in the resonance region. The first one performed by Brooks et
al. [80] up to 10 eV with a poor energy resolution. Another measurement
has been performed by Weston et al. [65] up to 1 keV using the fission veto
technique. A similar fission technique is being developed at Los Alamos Neu-
tron Science Center (LANSCE) using Detector for Advanced Neutron Capture
Experiments (DANCE) [81, 82, 83] but no data on ?**U has been reported so
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Figure 3.4: 33U (n,f) measured with the TAC compared with several data sets
78].

far. Recently, a new measurement of the 23*U capture cross section has been
planed at the neutron time-of-flight facility GELINA [84, 85] at Geel, but no
results have been reported yet [86].

The preliminary data for the neutron capture and neutron induced fission
simultaneous measurement from n_TOF, released to the EXFOR data base
suffer from some experimental effects that were not correctly treated at that
time and was not used in the latest evaluation of the JENDL4.0 [50].

This work reports on the evolution of the data analysis that led to data
with improved accuracy and in an extended energy range.

The measurement done at n_TOF have better energy resolution, wider
energy range and both capture and fission cross sections are measured simul-
taneously. The fission cross section which is better known, can be used in
the resonance parameter analysis together with other ?*3U (n,f) measurements
done at n_ TOF [75], allowing therefore to minimize systematic uncertainties
by making a combined analysis of several data sets.

Looking at Figure 3.5, a resonance can be seen in the Weston data around
10.1 eV, but not in n_TOF data neither reported in the evaluation. The origin
of this resonance is not clear and can be related with a contamination of the
sample. n_TOF resonances also shows a deeper fall-off on the low energy side
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Figure 3.5: 33U (n,y) measured with the TAC compared with several data sets
[78]

that could be attributed to the better energy resolution of the n_TOF facility
compared to the Rensselaer Polytechnic Institute (RPI) facility.

3.1.2 Unresolved Resonance Region (URR)

The evaluation performed for the ENDF/B-VII1 library in URR covers the
energy range from 600 eV to 40 keV. In this energy range, the evaluation
included high resolution transmission data [87] and fission cross section data
[68] measured at ORELA.

3.1.2.1 Fission cross section in the URR

The new results obtained in n_ TOF [75] using FIC show that above 1 keV the
evaluated cross section is lower by as much as 12% in certain energy ranges
(Figure 3.6). This finding is confirmed by another measurement performed
at n.TOF with a different experimental setup [88] and is in agreement with
recent data from Guber et al. 2000 [68]. All these observations point out to
a problem even in the most recent evaluations, which can most probably be
attributed to the normalization procedure adopted to reproduce the results of
integral measurements. A comparison between different libraries is shown in
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Figure 3.7. Important to note that evaluation for the *3U(n,f) cross section
present in the library ENDF /B-VIIL.1 is the same as in the previous .0 version.
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Figure 3.6: ?33U(n,f) cross section measured with FIC chambers at n TOF
compared with other data sets in the unresolved resonance region [75].

In the present evaluation, all 23*U(n,f) ratio and cross section data were
converted to ENDF/B-VII.1 standards [89], and a covariance analysis of the
data was performed. The results were smoothed and used for the (n,f) cross
section, after small modifications. The somewhat higher 23*U fission cross
section in the fast spectrum region produces better agreement with fast critical
benchmark experiments.

On the basis of these new experimental results, a revision of the evaluations
at least in the energy region between 100 eV and 10 keV seems mandatory.

3.1.2.2 Capture cross section in the URR

No measurement prior to the one done in n. TOF [78] was performed in the

URR energy range (above 600 eV) for the 33U capture cross section. Between
40 keV and 30 MeV:
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Figure 3.7: 23U (n,f) cross section comparison between different libraries in
the keV region.

e The Nuclear Reaction Code McGNASH (GANSH) code system [90] was
utilized to calculate the (n,7y) cross section from 1 keV to 16 MeV.

e The v-ray strength function and level densities were adjusted so that
the calculation reproduced the experimental data of Hopkins and Diven
[91].

e The results were used from 0.04 to 16 MeV for the (n,y) cross section,
with a smooth extrapolation to 30 MeV.

The measurement done simultaneously for the 233U neutron capture and
fission cross section at the n_TOF facility is the only data available in this
energy range for capture cross section.

3.2 Cross section summary

The evaluated total, fission, and capture cross sections present in the ENDF /B-
VII.1 library are based all or in part on experimental data. The data sets used
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for the evaluation come mainly from the EXFOR data base. The evaluation
includes high resolution transmission data, fission cross section data measured
at the ORELA in addition to other experimental data.

Much of the 233U fission cross section data was taken in the form of ratios
relative to 2*U which is a standard. To benchmark the 233U fission cross section
data, all ?*U(n,f) ratios and cross section data were converted to ENDF/B-
VII.1 standards [89] and a covariance analysis of the data was performed.
The results were smoothed and used for the (n,f) cross section, after small
modifications.

Important to note that in order to achieve better agreement with fast crit-
ical benchmark experiments the ?*>U fission cross section (present in the eval-
uated nuclear data libraries) in the fission spectrum region was increased.

This artificial increase in the #°U fission cross which is later used as a
standard in the 2*3U measurement can be a source of systematic errors.

The evaluated data now present in the ENDF/B-VII.1 library both in the
resolved and unresolved resonance region must be improved with measure-
ments that are independent of other cross sections. The measurements done
with high resolution n_TOF using the FIC detector have shown improvements
in the uncertainties. Also this measurements have extended the resolved reso-
nance region in the fission cross section.

The capture cross section for the 233U is the less measured due to all ex-
perimental difficulties and also where bigger improvements are needed. New
preliminary data [78] show the possibility of extending the resolved resonance
region and also offer for the first time information in the unresolved resonance
region above 1 keV. Moreover, the type of measurement where a high flux, high
resolution, broad neutron spectrum source is used, decreases the uncertainties
and discrepancies between neutron energy regions and due to the samples ac-
tivity.

These findings, lead to the motivation and justification of the present analy-
sis, specially in the case of the 233U capture cross section where no high quality
data in a wide energy range is available or foreseen to be taken.
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Chapter 4

The neutron time-of-flight
(n_ TOF) facility at CERN

The Time-Of-Flight (TOF) of CERN became operative during 2001 and is
a unique spectrometer worldwide to perform cross-section measurements rele-
vant to Nuclear Technology, Nuclear Astrophysics, fundamental Nuclear Physics
and eventually other applications, featuring the following characteristics:

Very high instantaneous flux of neutron per burst
Low duty cycle,

Excellent neutron energy resolution and

Low background

Fast electronics and Data Acquisition System (DAQ)

In the neutron Time-Of-Flight facility (n_. TOF), neutrons in the wide range
from thermal to approximately 1 GeV are generated via spallation reactions
triggered by 20 GeV/c protons impinging on a lead spallation target. Af-
ter traveling inside the beam tube, the neutron beam reaches the measuring
station located 185 meters downstream the spallation target. The measuring
station houses the samples made of materials which neutron induced cross-
sections are measured and a set of detectors such as:

e Silicon detectors, to measure and monitor the neutron beam fluence.

e Micromegas detectors to determine the neutron beam spatial character-
istics and fluence.

e Parallel Plate Avalanche Chambers (PPAC) and Fast Ionization Cham-
bers FIC, to detect the fragments from fission reactions in the sample.

e Deuterated Benzene Liquid Scintillator (C6D6) detectors to measure
neutron capture cross section in cases where the scattering to capture
ratio is very high and detectors with low neutron sensibility are required.

e A 47 calorimeter consisting of 40 BaF, crystals to measure neutron cap-
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ture cross section in non-radioactive and radioactive samples.

The energy of the neutrons incident on the samples is determined using the
Time-Of-Flight (TOF) method.

This facility is used by a consortium of 40 laboratories in European coun-
tries, Russian Federation, Japan and U.S.A.

The aforementioned facility performance parameters and detectors are de-
scribed in the sequence.

In this chapter a detailed description of the experimental setup and all the
major components is performed.

4.1 Facility description

The setup is composed by the Proton Synchrotron (PS) facility, a spallation
target, the TOF beam line, the experimental area where the detectors are
placed and the data acquisition system.

| - ~ i % : N &
= N \|SR ,,
~ SNY 20 GeVic

Experimental O\ Proton beam

Area
= NN
= AN
| <— Neutron-Beam X - “-...,_/
L e ) S A
Detector S ‘I :

-

/
5

Neutron source ™

~

Spallation 20 GeVic & N

N
Lead Proton Beam ™
Tal 7x 10" ppp LINAC
(~€——— Neutron-Beam & [ Ty, &
—
————_‘J) ~
10° production angle S

Figure 4.1: Layout of the n_ TOF spectrometer including the Proton Syn-
chrotron, position of the neutron source (lead target) and experimental area
[92].

The PS facility delivers a pulsed proton beam which interacts via spallation
reactions with a lead target to create a pulsed neutron source capable of de-
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livering high instantaneous fluxes. The lead target is surrounded by water for
both cooling and moderation purposes. The spallation mechanism is a power-
ful source of neutrons and lead has a high transparency for neutrons bellow 1
MeV. The produced neutron beam follows by a 185 m neutron flight path to
reach the measuring station where the detection system is installed, namely a
Total Absorption Calorimeter (TAC) composed by 40 BaF, crystals together
with other detection systems. The combination of a long flight path which
allow us to have a very good neutron energy resolution together with high
count rate due to the intense neutron source, makes possible to measure cross
section of low mass radioactive samples. The large enough solid angle and
granularity characteristic of the TAC allow to detect and identify the nuclear
reactions taking place in the sample. The overall arrangement of the facility
can be seen in Figure 4.1.

4.1.1 The proton beam

The pulsed neutron source essential to the measurement of the cross sections
is powered by the protons accelerated in the PS facility. The proton beam
is primarily accelerated in a Linear Accelerator (LINAC) and afterwards in
a booster witch allows to reach higher energies. Finally the proton beam is
injected in the synchrotron to achieve a maximum momentum of 20 GeV/c.
The beam is then extracted to the TT2 proton extraction line (Figure 4.1)
that delivers the beam to the n_'TOF spallation target.

To achieve a high neutron energy resolution demanded by the experimental
needs, the proton beam is compressed in figure before interacting with the
spallation target. The compression yields a proton bunch with a width of 7 ns
RMS.

When the PS operates in dedicated mode to the n_ ' TOF spectrometer, the
proton beam is characterized by a momentum of 20 GeV/c in a bunch of 7 x
10'2 protons with a 7 ns pulse width. The pulses are delivered with a minimum
interval of 1.2 s. The PS capabilities for delivering proton bunches are only
limited by its power consumption (5 MW) while the n_.TOF spallation target
is limited by the cooling system capabilities. To avoid exceeding the nominal
maximum power dissipated in the spallation target, the number of bunches
per super-cycle is reduced to 5.

The PS facility also delivers less intense beams with a a typical fluence of
4 x 10'2 protons that correspond to a parasitic mode. The remaining char-
acteristics rest unchanged although the timing performance is inferior. The
reasons for the second type of proton bunches has to do with the demands of
sharing the proton beams with other experimental facilities needing different
beam characteristics and also with the optimization of proton beam use.
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4.1.2 The spallation target

The n_TOF target system (Figure 4.2) was designed with an 80x80x60 cm?
spallation core made of lead. The target core is surrounded by water that
serves both for cooling and neutron moderation purposes.

The design of the spallation target system followed closely the experimen-
tal demands which include a neutron spectrum with high fluences in a broad
energy range. To achieve this, the lead target is impinged by a pulsed pro-
ton beam that gives rise to neutrons via spallation reactions. The spallation
reactions generate a neutron spectrum with maximum energy of ~20 GeV.
To better populate the neutron energy spectrum in the energy region bellow
1 MeV, the spallation target system has a moderation layer of water with 5
cm thickness between the lead core and the window connecting to the neutron
tube.

Figure 4.2: Pool containing the spallation target and showing the start of the
neutron beam pipe

The outcome is a broad energy neutron source with very high number of
neutrons (2 x 10'%) per bunch outside the spallation target system.

Another experimental challenge is the low background levels. To avoid that
the high energetic particles created together with the neutrons in the spallation
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process reach the measuring station, a tilt of 10 degrees in the horizontal plane
was introduced between the neutron tube and the proton beam line. The high
energetic particles are generated mostly in the forward direction and therefore
will follow a divergent direction in respect to the neutron tube. More details
about background suppression are given in Section 4.1.4.

4.1.2.1 Spallation reactions

Spallation reactions are triggered when a high energy projectile (proton, neu-
tron, or light nucleus) with kinetic energy from several hundreds of MeV to
several GeV interacts with a heavy nucleus (in our particular case lead) and
causes the production of a large number of hadrons and mesons or fragments.

As the projectile loses energy (~100 MeV), all interactions occur just be-
tween nucleons and the process is called nucleon cascade [93].

With growing incident particle energy, the threshold energies for particle
production in nucleon-nucleon collisions are being exceeded. Initially, pions
come up (at energies of about hundreds of MeV), at higher energies (~2 to 10
GeV) heavier hadrons and mesons are being produced. They can also partici-
pate in the intra-nuclear cascade and interact between each other, originating
an hadron cascade [93]. Particles that obtain energy high enough to escape
from the nucleus are being emitted mainly in the direction of the incident
particle. The rest of the energy is equally distributed among nucleons in the
nucleus which is left in a highly excited state.

Finally, the equilibrium stage comes up (~10716 s). Energy is equally dis-
tributed throughout the nucleus that is in a highly excited state with small
angular momentum. The nucleus loses its energy by evaporation of neutrons or
light charged fragments (like d, t, o) with energies up to ~40 MeV . The par-
ticles are emitted in a good approximation isotropically (angular distribution
less forward peaked) in contrast to the spallation mechanism.

A competitive process to evaporation is fission. Fission products also un-
dergo evaporation depending on their excitation energy.

4.1.2.2 The neutron energy spectrum

The neutron energy spectrum at the measuring station has a characteristic
distribution due to the spallation and moderation processes as shown in Fig-
ure 4.3. In this distribution, there are three identifiable energy regions con-
cerning the shape of the neutron fluence.

e At higher energy (~MeV), the shape of the spectrum behaves as a typical
neutron evaporation spectrum, having a maximum at ~1.6 MeV due to
evaporation and other at higher energies due to intra-nuclear cascade.
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e In the region in between 1 eV and 10 keV it presents itself flat following
an isolethargic distribution. This corresponds to the partially moderated
neutrons.

e At energies below 0.1 eV one can see a peak corresponding to neutrons
that have been fully thermalized
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Figure 4.3: Neutron energy spectrum at the experimental area for the 2004
year

4.1.2.3 Neutron fluence

The fluence is the flux integrated over time. It can be defined as the total
number of particles that intersect a unit area in a specific time interval of
interest and has units of m™2. In the particular case of n_.TOF, the fluence
is given by the neutron beam intensity integrated over the time of a neutron
bunch.

The neutron fluence at the measuring station, ¢, (E,), which dependents
of the incident neutron energy (E,), is given by the assessed neutron beam in-
tensity for the experimental conditions used during the measuring campaign.
The assessment was performed using two calibrated fission chambers from
Physikalisch-Technische Bundesanstalt (PTB) [94] and other auxiliary detec-
tion systems such as a silicon detector associated with a 9Li foil, C6D6 detectors
[95] and Parallel Plate Avalanche Chambers (PPAC) [92].
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The PTB detection system consisted of two identical parallel plate ion-
ization chambers with deposits of 23*U and ?*U with 436 and 444 ug/cm?
respectively. With such thin targets, it is possible to assume the thin target
approximation and the measured counting rate C, s)(E,) should be directly
proportional to the incident neutron fluence ¢, (F,) and to the fission cross sec-
tion o ;(E,) of ?*U, which is a standard in the range of interest. The neutron
fluence can be calculated from the counting rate using the following relation
where n is the sample thickness in atoms per barn:

_ C(Tbvf)<En)
n-og(En)

Important to note that the neutron fluence per pulse at the n_TOF facility is
the largest among the time-of-flight facilities around the world and this feature
is a great advantage when measuring radioactive samples because the signal
to noise ratio is greatly favorable to the signal being the signal the neutron
induced reactions and the noise respectively the sample’s activity.

Pn(En) (4.1)

4.1.3 The neutron beam tube

In order to allow the propagation and energy separation of the neutrons exiting
the source and reaching the sample without any interaction in between, a 185
m long evacuated neutron tube has been implemented. The neutron tube is
equipped with two collimators, several tube diameter reductions, and a sweep-
ing magnet. The several diameter reductions witch serve also as collimator
are followed by barriers acting as beam stoppers to avoid that the neutrons
traveling outside the beam pipe reach the experimental area [92]. The neutron
beam line and components are shown in Figure 4.4.
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Figure 4.4: Neutron beam line after the target system. (All distances are given
having the target system as the origin.)

The first section of the neutron beam line has a diameter of 80 ¢m and
extends for 70 m. The second section with a diameter of 60 cm extends through
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68,4 m and the third and last section with a diameter of 20 cm extends for 61,4
m passing through the sweeping magnet and reaching the second collimator
witch reduces the beam pipe diameter to 1.8 or 8 cm depending if performing
capture or fission measurements. The neutron beam enters the experimental
area where the measurements are performed and interacts with the samples at
approximately 185 m from the lead target just before continuing to the escape
lane.

4.1.4 Shielding and background suppression

To avoid the propagation of neutron and other particles outside the neutron
beam pipe and reduce the background due to neutron interactions in the mea-
suring station, several shielding element were implemented. This shielding
elements are located after each tube reduction and are made of 2 m of iron
which moderates the very high energy neutrons. In addition, after each col-
limator, a shielding element composed of 3 m of concrete is placed and an
additional shielding element was positioned after the sweeping magnet being
composed of 3 m of iron to avoid the background due mostly to muons (not
shown in Figure 4.4).

4.1.4.1 Collimation systems

To shape the neutron beam that reaches the experimental area, two collima-
tors where implemented. The first collimator (Source Screening Collimator)
limits the neutron source area seen by the sample and limits the number of
neutrons reaching the second collimator. This permits to select form the total
population of neutrons in the source, those that have smaller flight paths inside
the target and thus increase the energy resolution [92].

This collimator is composed of 1 m of iron followed by 1 m of concrete
having a inner diameter of 11.5 cm and is located at 137.7 m from the target
system.

The second collimator (Beam Shaping Collimator) limits the amount of
beam intersecting the sample avoiding also interactions with components very
near the sample and limiting the background in the experimental area. This
collimator is located just before the measuring station being at 178 m from the
target system and can be tunned for capture or fission measurements to fulfill
the experimental need in terms of beam shape. When used in fission mode, it
is composed of 50 cm of 5% borated polyethylene followed by 125 cm of iron
and another 75 cm of 5% borated polyethylene having an inner diameter of 8
cm. In capture mode, it is composed of 235 cm of iron and followed by 50 cm
of 5% borated polyethylene having an inner diameter of 1.8 cm.
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4.1.4.2 1In beam shielding (Sweeping Magnet)

During the spallation processes, a great amount of charged particles are emit-
ted in the forward direction. This charged particle background will travel
through the flight path tube and reach the experimental area. To eliminate
this background, a sweeping magnet was installed before the experimental area
at 145 m from the lead target.

4.2 Energy resolution of the spectrometer

With the implementation of the above mentioned setup, the n_ TOF spec-
trometer has unique characteristics that make it a very good neutron induced
reactions cross section measuring facility.

The high instantaneous fluence makes possible to measure very small mass
samples of radioactive isotopes by enhancing the capture count rate, making
possible to see the cross section signal above the radioactive background.

The 185 m long flight path allows to resolve the neutron energy with high
accuracy and resolution using the time-of-flight technique.

The characteristics of the neutron source with a relative small energy reso-
lution function (discussed in Section 4.4) permits to measure cross sections in
a broad energy spectrum with a high energy resolution.

4.2.1 The TOF Technique

In order to perform neutron time-of-flight measurements, it is important that
the neutron source is pulsed. In a relatively short time, typically a few nanosec-
onds (higher if thermalization processes are involved), the neutrons with a
broad energy spectrum are created at the reference start time t,.

The time of detection ¢, of the reaction product serves as a stop signal
to determine the time of flight ¢ = ¢,, — ¢y of the neutron having induced the
reaction. The kinetic energy E, of neutrons with a speed v = L/t can be
expressed relativistically as

4

E, = Eipy — mc® = *p* + m*c* —mc® = me*(y — 1) (4.2)

with v = (1 — v?/c?)~/2 and where c is the speed of light. The first term
of the series expansion gives the classical expression for the neutron kinetic
energy.

E,=-mv* =a"— (4.3)



Taking the definition of the speed of light ¢ = 299792458 m/s and taking
m = 939.6MeV /c? for the neutron mass, we get a ~ 72.3 when L is expressed
in meters and ¢ in microseconds [96].

4.2.2 Experimental considerations

The reaction yields that are obtained in this way are, after background and
dead time corrections, not directly related to the cross section formula. The
resonance profiles are broadened by two effects: Doppler broadening and res-
olution broadening.

The fraction of incident neutrons on a sample with thickness n atoms per
barn, undergoing a reaction, is given by the reaction yield Y,.(F) = R(F)/®(E)
where R(F) is the reaction rate and ®(F) the incident particle rate. In a first
approximation the reaction yield is related to the cross sections by

o (E)
O'T(E>

where o, (E) is the reaction cross section and o7 (FE) the total cross section. In
experiments at non-zero temperature the cross sections need to be convolved
with Doppler broadening.

Doppler broadening is the effect of the thermal motion of the target nuclei
in their atomic structure. Due to the movement of the target nucleus, a neu-
tron approaching the nucleus with constant speed in the laboratory system,
will have a spread in its velocity in the center of mass system. In a good ap-
proximation, for metallic samples this movement can be described by the free
gas model [97], resulting in a Gaussian broadening of the resonances with a

standard deviation
2k, T
— E 4.
oD \/ M/m (4.5)

with M/m the ratio of the masses of the target nucleus and the incident
particle. For crystalline lattices a more complicated description is sometimes
needed [98, 99]. Doppler broadening is always present in the interaction of
neutrons with liquids or solids and cross sections are usually given at a specific
temperature.

In addition to the Doppler broadening of the cross sections, the reaction
yield is broadened by the experimental resolution. Resolution broadening is
an experimental effect and reflects the distributions in the neutron flight time
or flight length, originating from the finite primary beam pulse duration, the
moderation distance, and all other experimental conditions. These effects are

Y, = (1—emrA) (4.4)
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different for each experimental facility and have to be carefully modeled and
included in the resonance analyses [100].

The two broadening effects are important for resolved resonances. For
unresolved resonances, where the cross sections appear smooth, broadening
has not much effect. On the contrary, if a resonance structure is still present,
one cannot extract in a straightforward way the average cross section from
the average yield, as can be seen from equation (4.4) by taking averages. The
factor (1 — e‘”"f(E)) gives rise to what is known as the self-shielding effect.
Corrections based on Monte Carlo simulations have to applied for both the
multiple scattering and the self-shielding effect.

4.3 The Total Absorber Calorimeter (TAC)

The TAC (shown in Figure 4.5) design followed closely the experimental de-
mands associated with the measurement of neutron capture cross section [101].

In order to measure the capture cross section of an isotope with multiple
reaction channels competing and be able to perform a data analysis based on
the reaction characteristics to discriminate between competing reactions, one
has to be able to detect the several gammas emitted following neutron capture
in order to be able to reconstruct the event.

e Have detectors capable of fully absorb the energy of a gamma ray up to
10 MeV.

e Have excellent time resolution (A7 ~ 1 ns).

e And be rather insensitive to the neutron and alpha background.

To fulfill this experimental requirements, several detection materials were
studied (Nal, BGO and BakF,) considering the experimental needs at n_ TOF
for performing the measurements of the isotopes related with the Th-U fuel
cycle.

4.3.1 Neutron sensitivity

The high neutron sensitivity of the Nal due to the iodine content, the not so
fast timing of light emission (0.23 us) and low total efficiency for high energy
gammas ruled out this material.

The BGO has a very small neutron sensitivity, a high stopping power for
gamma radiation but a not so good timing characteristics and the binding en-
ergy characteristic of the constituent isotopes of this material is very close to
the ones aimed to be measured. The very close binding energies of the detec-
tor's constituents and sample measured would lead to a background component
difficult to eliminate.
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Figure 4.5: The Total Absorber Calorimeter at n_ TOF

The BaF; has a small neutron sensitivity, high stopping power for gamma
radiation, very good time resolution, acceptable energy resolution and from
the point of view of implementation, it’s available in the necessary dimensions
to form a detector with 47 solid angle coverage and ability of stopping a 10
MeV gamma ray [102].

Although the BaFy features a small neutron sensitivity, two layers of neu-
tron absorber materials were added between the sample and the crystals to
reduce this source of background.

The first layer consists of a neutron absorber in the form of two spherical
shells composed of °Li salt surrounding the sample. The %Li +n reaction gives
a alpha particle and a tritium, both characterized by small mean free paths
that are fully stopped inside the neutron absorber.

The second absorber consists of carbon shells doped with boron wrapping
each scintillator crystal. The 1°B will capture a neutron to give a alpha plus a
"Li both particles with a short mean free paths.

4.3.2 Solid angle and event detection efficiency

The division of a sphere in individual volumes is not new problem and one
solution consist of a polyhedral geometry with a fix number (12) of pentagonal
volumes followed by a variable number of hexagonal volumes. A single crystal
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is shown in Figure 4.6.

Figure 4.6: Single crystal of the Total Absorber Calorimeter at n_.TOF and
respective carbon capsule

To decide the number of hexagonal volumes and overall dimension of the
crystals, several factors were considered such as:

e The necessary depth to stop the gamma radiation (15 cm of BaFy for
10 MeV gammas).

e The available crystal dimensions and the granularity necessary to be able
to detect separately all the gammas from the nuclear cascade.

The typical multiplicity of a capture gamma cascade is around 3 or 4 gam-
mas and a good granularity to study these types of events consists of 5 times
the multiplicity leading to a TAC with 20 or more individual crystals.

In fact the polyhedral geometry has magic numbers like 32, 42, 72, 92.
A TAC with 32 crystals would be sufficient for measuring the capture cross
sections as it would diminish the cross talk between individual detectors com-
pared with a 42 crystal setup but due to constrains with the biggest commercial
BaFy crystal size being 17.5 cm by 14 cm, the 42 crystal configuration was
adopted.

The final assembly of the detection system is therefore composed by 40
BaF, scintillators arranged to form a honeycomb sphere covering 47 of the
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solid angle as shown in Figure 4.5. The two missing crystal correspond to the
symmetrical openings to let the beam in and out [103, 92, 101].

4.3.3 Alpha and gamma discrimination

The BaF; scintillator is characterized not only by the fast time resolution but
also by the different responses to different types of radiation. In the case of
gamma radiation, the response is characterized by a signal with two different
components one having a very short time constant typically of the order of
0.7 ns (fast component) and a second one with a time constant of 630 ns
(slow component) as shown in Figure 4.7. In the case of a alpha particle and
because the process involved in the energy deposition in the crystal is different,
the short component is not present [92, 101]. The alpha background comes
from the contamination of the BaF, with ?2Ra, which decays emitting an
alpha particle.

£ 250 [t e T LTl —
3 o
o f (i
o |
) i 1
2 I ‘
- 3
2 200 |- B -
=
)
o
= 4
S : | E | !
§ 150 | | S—— | NN N—— —
= 3 3 : 3 1
(=
oy
L = . s o
3 Digitised BaEFz signals g
} Pulse shapeéreconstructiéns of the BaFQ signals
L e .
0 I O I I E H (NI M
0 2000 4000 6000 8000 10000

time (ns)

Figure 4.7: Digitized signal of a BaFy detector (black) and the reconstruction
of the same signals using the Pulse Shape routine (red).
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The analysis of the pulse shape give us the information needed to set apart
the contributions of both radiations (gamma or alpha) allowing the tracking
of the detectors gain by looking at the detectors alpha spectrum (discussed in
detail in Sections 5.2.6).

The Figure 4.7 shows the typical signal of the BaFy for gamma radiation.

The two contributions are clearly visible in Figure 4.8 separated by the

threshold line.

P ¢ ik D j 1000000
" o L|LENTRIES . 698797
0.00 0.00 0.00
000 0.699E +06 0.00
Coo0 000 - 0.00

A slow / A fast

Alpha Particles

; “Gamma Rays

T rawrnirt L L PRI I BRI IR S
0 20 40 60 80 100 120 140 160 180 200
A slow

Figure 4.8: Discrimination between ~y and « particles.

4.3.4 Granularity

The granularity of the detection system allows to characterize events by the
number of gammas involved in the reaction and therefore identify the nature
of the nuclear reactions and disentangle competing reactions occurring at the
same time.

Uncorrelated background is characterized by a single gamma while capture
has a multiplicity distribution that averages at 3 or 4 and fission multiplicity
tends to have a broader multiplicity distribution with higher average [101].
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4.4 Study of the neutron energy resolution func-
tion of the n_TOF Facility

The n_TOF target [104] was designed with an 80 X 80 X 60 cm? spallation
core made of lead surrounded by water that serves to cool and moderate the
exiting neutrons. Two studies have been done using distinct simulation pro-
grams to assess the performance of the n_ TOF spectrometer concerning its
resolution function. In one of the studies [100], the resolution function was
simulated for energies below 20 MeV using the code Monte Carlo Transport
Code for Simulations of Pulsed Neutron Sources (CAMOT) and implementing
the geometry described in [105]. In the other study, described in [106], the
Fully integrated particle physics MonteCarlo simulation package (FLUKA)
code [107] was used with the same geometry. Both studies consider a moder-
ation thickness of 5 cm. The resolution function is calculated at the sample
position, which is located at approximately 185 m from the moderation target.
Because of the large geometric factor involved in the problem, the resulting
statistics were limited. Recently, when performing a check of the spallation
target, it was found that during the construction, a supplementary O-ring was
introduced just behind the aluminum windows that seal the target system from
the Time-Of-Flight (TOF) spectrometer increasing the moderation thickness
to approximately 5.8 cm at the center of the target. The knowledge of the ef-
fects of this extra moderation depth and its influence on the energy resolution
function as well as the neutron energy spectrum is crucial for the data analysis.
The accurate knowledge of the energy resolution function is essential for the
analysis in the resolved resonance region. To study the effect of the increased
moderation depth from 5 cm to 5.8 cm with high statistics, we performed new
simulations with the MCNPX. To study the consistency of our results, we also
performed the simulation with a moderation depth of 5 cm and compared the
results with the resolution available from the two previous simulations.

4.4.1 Resolution function

Neutrons are generated by spallation reactions in the target and are afterwards
moderated until they reach the evacuated neutron tube. The unknown path
followed by the neutrons inside the target and associated moderation system
impacts the assessment of the neutron energy using the TOF technique by
introducing an intrinsic uncertainty. The goal for determining the neutron
energy resolution function is to describe and include the energy-dependent
resolution. The analytical description of the resolution function used in this
work is already implemented in the R-matrix analysis code SAMMY [108] with
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Figure 4.9: Target system accompanied by the supporting structure and alu-
minum entrance window on the right. The proton beam impinges from the
left side.

the Rensselaer Polytechnic Institute (RPI) broadening function. Many of the
parameters of this analytical function are energy dependent. The simulated
resolution function can be adapted to this function by adjusting the energy
dependence of the parameters. The effect of the resolution is most visible in
the reaction cross sections in the resolved resonance region, where the overall
shape of the resonance is deformed and the resonance energy is shifted. The
RPI function used has the form of Eq. (4.6),

2
R(5t) = Ag <%e(—“ﬂ + Ay [AgeAstH0) | 4, o= As0ttt0)] X(dt))

(4.6)

where 0t is the time need for a neutron to exit the target system and is
equivalent to the delayed distance, X (dt) is a function which takes 0 or 1 as
value and determines the exponential tail inclusion in the fit. In Eq. (4.6) the
x? distribution (first term) is related with the neutron moderation effect and
its contribution to the energy resolution, while the two exponential tails are
associated with the combined target-moderator system. Although the above
mention equation seems to be only time dependent (1D function), one should
take care that the parameters A, 7, A1, A3, and A5 have a dependency on the
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neutron energy. Considering both dependencies, the RPI functions assumes
the 2D form for the neutron energy resolution. To assure that the RPI func-
tion doesn’t return valueus without physiscal meaning, the parameter Al is
constrained to equal zero if the sum of the two exponentials is negative.

Figure 4.10 shows how the x? and exponential tails contribute to the overall
RPI function shape.
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Figure 4.10: x? and exponential tails components of the RPI function. Arbi-
trary units in the vertical axis.

Monte Carlo simulations with the code MCNPX have been performed in
order to assess the differences introduced by the increased moderation thick-
ness. A detailed geometric description of the neutron production system con-
sidering all the components inside the target container was used (Figure 4.9).
The neutron beam pipe used for the TOF spectrometer was also implemented.
In addition, two ideal tube collimators and two ideal beam collimators were
included to fully describe the experimental conditions encountered in the ex-
perimental area. The first tube collimator is located at approximately 71 m
from the exit plan of the target system and the second at approximately 140
m, and they serve the purpose of killing particles traveling outside the beam
tube. The beam collimators are located at approximately 137 and approxi-
mately 175 m. A detailed description of the beam pipe and the positions of
the collimators can be found in [104]. The transport of the particles from the
target system until the experimental area is performed using a deterministic
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approximation.

4.4.2 Monte Carlo simulations
4.4.2.1 Physics models used

The neutrons were generated by spallation reactions triggered by 20 GeV/c
protons impinging on a lead block (the target). The pre-equilibrium and evapo-
ration physics associated with the spallation processes were simulated using the
CEM2k [109] model implemented in MCNPX 2.6e [110]. The CEM2k model is
able to describe fission reactions and the production of light fragments heavier
than “He, using the Generalized Evaporation Model code [111, 112]. Tt also
contains a number of improvements and refinements in the cascade and Fermi
breakup models compared with previous models used in MCNPX simulation.
All these features allowed us to describe quite well a large variety of spallation,
fission, and fragmentation reactions necessary for the simulations performed.

4.4.3 Simplifications in the simulation

The interaction of a 20 GeV /c proton with a lead block produces a huge num-
ber of particles, including neutrons. The neutron production per proton is
approximately 320 neutrons. This large neutron production ratio combined
with the cascade of nuclear reactions produced inside the target and the asso-
ciated particles produced yields a heavy and lengthy simulation problem. The
problem is characterized by a very high multiplicity of particles and a reduced
solid angle. However, the neutrons that are relevant to our studies are those
produced in the forward direction in a very narrow solid angle. To increase
the simulation speed without compromising the realistic approach of the sim-
ulation concerning the experimental conditions, several simplifications have
been made. Considering that we are interested only in neutrons with energies
comprehended between 172 and 10 MeV, only hadronic particles were tracked
in the simulation. In addition, we used one DXTRAN sphere [110, 113]. The
DXTRAN sphere consists in the deterministic transport of particles to a zone
(comprehended inside the the sphere) which is not being adequately sampled
because particles have a very small chance of reaching that region. In our case,
where a very small solid angle (approximately 1 mrad) due to the 185 m length
of the neutron beam pipe and collimators are present, the use of DXTRAN
sphere allows to achieve good statistics. The DXTRAN variance reduction
technique available in MCNPX is capable of dealing with the large geometric
factor related to the transport of particles over large distances without interac-
tions in simple geometries like the TOF tube. This technique is based on the
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angle-biasing technique together with deterministic transport of the neutrons
inside the pipe [113]. Particles traveling outside the target system or beam
pipe are killed and don’t contribute.

4.4.4 Simulated results

The neutron energy and equivalent distance or delay distance (path length
equivalent to the time spent by a neutron of a given outgoing velocity in-
side the target-moderator system) were tallied using a user-defined tally used
in similar calculations [85] for the facility Neutron Time-Of-Flight facility at
IRMM (GELINA) [84]. These quantities are stored in a two-dimensional ma-
trix (Figure 4.11) to facilitate the analysis. The tally binning consists of one
bin per millimeter for the equivalent distance and of ten bins per decade of en-
ergy. The equivalent distance was tracked from -10 to 300 cm, and the energy
range considered is between 1 meV and 10 MeV.

Arbitrary units
S
w

T200 | 250 300
Delay distance [cm]

Figure 4.11: Two-dimensional matrix of the tallied quantities in MCNPX,
showing their dependence for a moderation thickness of 5.8 cm.

4.4.5 Analysis procedure and methodology

The simulated data for 5 and 5.8 cm of moderation depth were fitted using
the RPI resolution function, and the results were compared with two previous
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simulation’s data assessed for 5 cm using the FLUKA and CAMOT Monte
Carlo simulation codes. The fit was done using two different energy bins (two
and ten bins per decade) for the data of FLUKA and MCNPX. Although
it was necessary to rebin the FLUKA data in the equivalent distance axis to
achieve reasonable statistics, the results showed that the fit with ten bins per
decade agrees very well with the fit using two bins per decade. The same was
observed for the data from MCNPX. For the data obtained with CAMOT, the
fit was processed using two bins per decade in the energy scale due to statisti-
cal constraints. We have compared the FWHM and the FWTM of the fitted
energy resolution function for each energy interval. To determine the parame-
ters of the resolution function, we have fitted the equivalent distance for each
energy bin using the RPI function with all parameters free in order to obtain
the best description of the simulated data but all parameters were initialized
with values that already reproduced to a certain extent the distribution. The
fitted RPI function for each energy bin is analyzed and the quantities FWHM
and FWTM are extracted. Figure 4.12 displays the RPI-fitted function for the
80 eV bin overlayed on the 5 cm data simulated with MCNPX. The resolution
function is fitted throughout the whole energy range and analyzed.
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Figure 4.12: Fit of the data simulated with MCNPX at 80 eV for a moderation
depth of 5 cm in linear(left) and logarithm (right) vertical scales
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4.4.6 Analysis of the FWHM and FWTM

The procedure used to assess the differences between the resolution functions
assessed with different codes and for the different depths of moderation was the
comparison of the full-width at half-maximum (FWHM) and the full-width at a
tenth of the maximum (FWTM) for each energy bin between the different sets
of data. The plotted data of the FWHM and FWTM variation with the energy
are provided in Figures 4.13, 4.14 and 4.15, respectively. From Figures 4.13
and 4.14 it is possible to see that the results from previous simulations are
different at higher neutron energies. Also the results of this work are not
consistent with any of the two previous simulations. Concerning the simulated
equivalent distance using MCNPX and moderation depths of 5 and 5.8 cm with
water, the behaviors are almost identical for the equivalent distance spectrum.
This can be seen in Figure 4.15, where the simulated data are displayed both
on a linear and logarithmic scale. The FWHM and FWTM (Figure 4.16)
assessed show very small differences over the energy range for the two different
moderation depths.

B I IR WL U IR IR AL
CAMOT data for 5 cm
: = MCNPX data for 5 cm
| =™ FLUKA data for 5 cm

CAMOT data for 5 cm
[ | = MCNPX data for 5 cm

FWHM (cm)
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Figure 4.13: The FWHM for the three parameterizations for 5 cm of water.

4.4.7 Conclusion

The results obtained in this study show the existence of important differences
between the different simulations done to assess the resolution of the n_ TOF
spectrometer. The reason behind these differences is not clear and may be
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Figure 4.14: The FWTM for the three parameterizations for 5 cm of water.

-
S
_
e

—_
o
T T

o

®
—
<
-

Probability density (cm)
Probability density (cm)

o
o2}

10%F

"5 0 5 10 15 20 25 30 35 40 -5 0 5 10 15 20 25 30 35 40
Delay distance (cm) Delay distance (cm)

Figure 4.15: Comparison of the equivalent distance between two different mod-
eration depths for 8 keV (red for 5 cm and blue for 5.8 ¢cm).

related to the different codes, libraries, and methodologies used. The trans-
portation of the particles through the TOF tube can be a cause, as all codes
and methodologies were different. With MCNPX, the transport of the parti-
cles in the TOF tube was done during the simulation using the code’s variance
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Figure 4.16: Comparison of the equivalent distance between two different mod-
eration depths for an arbitrary neutron energy of 8 keV (red for 5 cm and blue
for 5.8 cm).

reduction techniques. For the FLUKA simulation, the neutron spectra were
tallied just outside the target system and then transported with a separate
code through the TOF tube. Results obtained in this study using MCNPX
show that an increase in moderation depth introduces almost no changes in the
equivalent distance shape. This leads to the importance of validating the sim-
ulations and determining which one reflects the characteristics of the n_.TOF
spectrometer. As one can see from Figure 4.17, the energy resolution func-
tion dominates the broadening of the resonance shape above several keV. A
change in the resolution function used in the analysis of resolved resonances
will certainly affect the extracted resonance parameters. On the other hand,
since the area of the resonance is conserved, an integrated quantity like the
Maxwellian averaged capture cross section will not change with a different
resolution function.
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Chapter 5

Data extraction

Before addressing all the specificities of the data reconstruction and data anal-
ysis it is important to understand the challenges behind the measurement of
the capture cross section for the particular nuclide here discussed.

T I T T T T T T
e ENDF/B VIL 1 U- 233(N I

—— ENDF/B-VIL1: U-233(N, EL)U 233-L0

—— ENDF/B-VIL1: U-233(N,F)

—— ENDF/B-VIL1: U- 233(N G)U-234

—_
o
w

Cross Section (barns)
2

—_
o

Neutron Energy (eV)

Figure 5.1: 23U total, neutron induced fission, neutron capture and elastic
cross sections from ENDF/B-VIL1.

The data analysis of the neutron capture in 233U is entangled directly with
the fission data analysis because both nuclear reactions are competing in the
energy range of interest, as shown in Figure 5.1 for the energy interval between
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1.5 and 13 eV. Moreover, both reactions are characterized by the emission
of gamma rays covering a broad energy range. Additionally, gamma rays
from fission can originate from three components: prompt gamma, neutrons
emitted during fission interacting in the surrounding materials and delayed
gamma emission from fission fragments. Besides, the fission cross section is
one order of magnitude higher in comparison with the capture contribution.
The contributions from neutron scattering and the sample’s related activity
due to the isotopic impurity must also be considered, as will be shown later.

5.1 The TAC’s data acquisition system

The method employed to perform the 233U neutron capture measurement us-
ing the time of flight Time-Of-Flight (TOF) technique, consists for the work
here described in the use of a high efficiency, almost 47 y-ray detector made of
40 individual BaF, detector modules. The 40 detector modules assembled to-
gether are denominated as Total Absorption Calorimeter (TAC). The capture
yield is then obtained by counting events where the total deposited energy in
the TAC corresponds to the neutron binding energy. This method is partic-
ularly suitable when dealing with fissionable samples, or when only low mass
(tens of mg) is available. The choice of BaF, as scintillating material [102] was
explained before and is due to:

e Its very good timing properties.

e Good pulse shape discrimination properties.

e Previous experience [114] in using such material at FZK, which has
proven to be very beneficial.

In order to be able to take advantage of the full features of the BaF; crystals
and to take into account the experimental requirements of measuring samples
that can induce counting rates as high as few counts per us when irradiated
with the neutron beam, [115] it was decided to use an acquisition system based
on Flash Analog to Digital Converter (Flash ADC) modules. It is necessary
upon the digitalization of the BaF, signals to sample with enough detail to
be able to reconstruct the fast component of the BaFy crystals which gives
information on the time of the signal. This component is of the order of 6 ns
(corresponding to the photomultiplier response and not to the real timing of
the fast component) and accordingly with Nyquist—-Shannon sampling theorem,
the acquisition system has to obey the following:

If a function x(t) contains no frequencies higher than B Hertz, it is com-
pletely determined by giving its ordinates at a series of points spaced 1/(2B)
seconds apart.
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This leads to the need of having sample rates of 400 MHz or higher. The
acquisition system chosen is based upon 8 bits flash Flash ADC that can
operate up to 1 GHz with internal memory of 8 Msamples. The 8 bits gives
enough precision in each sampling and the 500 MHz sampling rate permits
to sample for a time long enough to measure the cross section in an energy
range from above the MeV region to eV. This translates in a sampling time
(Tsampling) of approximately 16 ms which gives time for 1 eV neutron and
slightly less energetic ones to travel the 185 m flight path.

M8Msamples

Tsam ing — =16 5.1
P T Ts00MHz (5-)

5.1.1 Shape of the signals from the BaF; crystals

The signals from the BaF, are characterized by two decay components as
shown in Figure 5.2. One that has a (fast) 6 ns decay constant and another
with a (slower) 630 ns decay constant. Because every signal is very noisy, a
reference pulse shape for v response is obtained by:

e Selecting more than 50 v signals per detector, with no pile-up and each
signal having more than 40 and less than 150 Flash ADC channels for
fast amplitude.

e The signal’s maximum amplitude is normalized to unity, and the corre-
sponding time set to 1000 ns. The baseline is removed. The final pulse
shape is averaged over all selected signals.

Even though the resulting reference pulse shapes are similar (Figure 5.2),
one can not superimpose the response of one detector to another. The ratio
between the maximum amplitude and the slow component amplitude varies
between 5 to 8 and an unexpected second bump comes about 600 to 800 ns
after signal starting. The reason for this bump is related with the high voltage
divider circuit and has no physical meaning.

5.1.2 Peak characterization algorithm

The use of Flash Analog to Digital Converter (Flash ADC) allows to record
the full signal and thanks to this, a pulse analysis routine can be as simple as
pulse rise-time or time over threshold analysis [116] or much efficient, but very
Central Processing Unit (CPU) time consuming, signal correlation analysis
[117]. For the particular case of neutron Time-Of-Flight facility (n-TOF),
peak finding is based upon the derivative of signal while the pulse analysis is
based upon both signal integration and signal fitting.
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Figure 5.2: Reference pulse shape for BaF, crystals 1 to 4. Although all
crystals show a very similar pulse shape, small differences are present and are
characteristic of each crystal.

5.1.2.1 Finding a peak

When trying to find a peak, one of the problems is the possible moving baseline.
To overcome this problem, the peak finding algorithm does not work on the
direct signal but on its ”time-derivative”. In order to search and to characterize
the peaks, the following quantities are computed for each sample j:

e The second derivative, 9%(j) is used for triggering the validation of the
peak finding.

e The mean, M. f(j), and variance, Vi.s(j), of data averaged over a 200
ns window on the left side of the current point are computed.

e The computed M :(j) is used for baseline determination while V.. (j)
is used as triggering threshold.

e The mean, M (j) of data averaged over a 200 ns window centered on the
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current point is also computed . M (j) is used to determine peak ending.

To accept a peak, two thresholds are considered. The first one is related
to the input threshold (the one given to perform the zero suppression) and
denominated as dti. The second which is a derivative trigger is related to the
expected background for the current sample. The expected background value

Vvleft
Range

The detected peak must fulfill 4 conditions to be accepted:

e The signal derivative must be inferior to the Flash ADC threshold (neg-
ative voltage is used) J(j) < Oti

e The signal derivative must be inferior to the background derivative (neg-
ative voltage is used) 9(j) < 0tn(j)

e D(j) > 200 where D(j) is the Flash ADC value for sample j

e Not in another peak triggering. Condition ”"Not in another peak trigger-
ing” is false until derivative becomes positive again.

is give by 0tn o — where Range = 3samples.

Once a peak is detected and validated, it is important to assess several
quantities that indicate the peak quality and method to analyze it. This is
achieved by:

e Checking if more than 3 consecutive samples are saturated. If so the

peak will not be fitted and flag called ”LongPeak” is switched on.

e [Estimating rise time.

e Estimating maximum peak ending time.

The peak’s amplitude relative to the baseline is integrated during 20 ns
giving the "fast charge”, Q)45 and also until the peak ended giving the "total
charge”, (QQ;;. Last, the pile-up order is computed as the difference between
the number of peaks (not rejected) found when the peak ended and the number
of peaks found at peak starting.

Peak rejection: Peaks are rejected if one of these two conditions is fulfilled:

e Peak estimated time based on the known slow decay constant and slow

amplitude is much bigger that the measured peak end time.

e The fast to slow amplitude ratio is bigger than 30.

5.1.2.2 Pile-up treatment

When a peak is detected before the previous one ended, the baseline corre-
sponding to the last detected peak can not be considered constant anymore.
In our case an exponential decaying baseline is considered, with 630 ns decay
constant. So two corrections have to be made to the slow component amplitude
and the Ay, is calculated differently:

e To correct bias induced by moving average, the baseline value is taken as
the previous peak baseline plus an exponential decay component which

93



represents the tail of the first peak.

e If a new peak is detected before the previous one ended, then the slow
component amplitude, A, of the previous peak is computed without
waiting the peak ending, to avoid to integrate inside the newer signal.

e Corrections terms are similar to the ones used for a no pile-up case,
except that time corresponding to the end of the first signal in the expo-
nential term have to be replaced by the time corresponding to the new
peak detection.

5.1.3 Fitting the signals

In order to improve the characterization of peaks, a fitting procedure is per-
formed. Firstly a fit is performed to determine the baseline. Then a fit is
made for each found peak. Fitting is made using the Levenberg-Marquadt
method [118] for both baseline and peak characterization. Peaks having a non
null LongPeak flag are not fitted, so only initial guess parameters are given for
these peaks.

5.1.3.1 Baseline treatment

Determining the baseline region while two consecutive normal (i.e. Long-
Peak=0) peaks are distant by less than 3.5 us + 512 ns (peak duration plus
pre-sample length), they are associated with the same baseline. When a peak
having a non null LongPeak flag is found a new baseline region is defined.
Two baseline fit regions are considered, one before the first considered peak,
and another one after the last considered peak. The first baseline fit region
starts 512 ns before the first peak and stop one channel before the considered
peak starting. The second baseline region begins at the last considered peaks
starting plus 3.5 us, and finishes 512 ns later.

Determining the baseline shape, two cases have to be considered for deter-
mining the baseline shape:

e If the baseline is inside a long peak then the baseline is supposed to have
an exponential tail shape.
e Else the baseline shape is considered linear.

5.1.3.2 BakF, signal’s integration and fitting

Once a peak is accepted, and the baseline has been determined, the following
integral quantities are recomputed for each peak:

e Integral (relative to baseline shape) from peak starting to 20 ns later
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e Maximum amplitude and corresponding baseline value found in this 20
ns time window width.
e Integral (relative to baseline shape) from peak starting to 3.5 us later

The number of peaks fitted simultaneously is given by the pile-up param-
eter. Nevertheless if the pile-up order is greater than 12, no fitting will be
performed to avoid consuming too much CPU time. The fitting region begins
one channel before the first peak starting and ends at the maximum value
between estimate and real time ending of the last considered peak.

5.1.4 Extracted parameters

For each peak 8 integer parameters and 9 floating point parameters are ex-
tracted:
Integer parameters:

1. Peak starting time [ns] (see also float parameter n. 4)

2. Peak maximum time [ns]

3. Peak end time [ns]

4. Peak number in the movie (movie is the consecutive data points
after applying the zero suppression)

5. Pile-up order

6. LongPeak flag (0 : normal peak, 1 : long peak, 2 : movie ended
before peak return to baseline)

7. threshold (unused)

8. Baseline type (0 : linear , 1 : exponential tail)

Floating point parameters:

1. Fitted baseline value at peak maximum [Flash ADC units]

2. Fitted Fast component amplitude [Flash ADC units]

3. Fitted Slow component amplitude [Flash ADC units]

4. Start time adjustment [ns| (true fitted starting time is given by
adding integer parameter no 1 with this parameter)

5. Fitted exponential rise time and fast component decay constant
]

6. Best reduced x? value obtained when fitting this peak.

7. Measured maximum amplitude relatively to the fitted baseline
[Flash ADC units]

8. Measured integration during 20 ns relatively to the fitted base-
line [Flash ADC units x ns|
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9. Measured integration during 3.5 us relatively to the fitted base-
line [Flash ADC units X ns|

5.2 BakF', crystal’s performance

In this section the description of the comprehensive study to assess the BaFy
crystals performance in terms of pile-up recovering, Pulse Shape Discrimination
(PSD), signal to energy conversion, resolution, linearity and stability is done.

5.2.1 Pile-up recovering

Since the pulse shape is reconstructed, pile-up should be treated properly.
Figure 5.3 shows a typical BaF, train of pulse shapes for a gold sample in the
5 eV saturated resonance region. The black histogram is the measured raw
signal and red curve corresponds to the reconstructed one using the method
described previously.

The signal shape due to 7 interaction in BaFy has already been described
in the previous section. Moreover one can see that slow component signal
fluctuates a lot. On the contrary, the signal corresponding to the baseline is
very stable, indicating that these oscillations do not originate from intrinsic
background, but are associated with the v interaction within the detector.

Figure 5.3 shows that four interactions occurred before the signal returns
to its baseline. This shows the need to implement a reconstruction algorithm
able to deal properly with pileup. As can be found in Ref. [115] and since
one can have more than one reaction per us, it is important to be able to
reconstruct event distant by a fraction of us.

For randomly incoming events, following a poissonian distribution, the time
interval between two successive events follows an exponential distribution. Fig-
ure 5.4 shows the time interval spectrum for a given detector obtained during
a 2°U sample measurement. Since the 23°U content in the sample was very
low, the counting was mainly dominated by the v background, and so this
measurement is a good approximation for randomly incoming events.

For time interval values above 800 ns both histograms follow an exponential
shape. From 600 to 800 ns, the single spectra is slightly above the exponential
law. This overshoot is due to the wrong BaFy shape occurring around 600 ns
after a true signal and generating sometimes false triggering.

Moreover one can also see that the 600 ns bump is not present in the red
histogram. This indicates that this problem, should not affect significantly
TAC performance. Below 500 ns, interval time spectra drops significantly.
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Figure 5.3: BaFy measured (black) and reconstructed (red) pulse shape.

As already noticed, a signal induces a lot of fluctuation and threshold for
signal discrimination becomes higher in the tail of the first signal. Because
~ rays from capture events have a higher energies than background v rays,
this drop is strongly reduced in coincidence (red) spectra. Nevertheless below
400 ns, one would have to correct data due to this loss of efficiency. Finally
below 150 ns one can see a peak in both single and coincidence spectra. This
is probably due to strong oscillations after the fast component signal.

5.2.2 Pulse Shape Discrimination (PSD)

The PSD can be understood by looking at Figure 5.5 which is a 2-dimensional
plot where the horizontal axis represents the ratio between fast amplitude
(Afqest) and fitted signal integral, @i, divided by the slow component (Agey)
decay time (630 ns). For a particles the fast component signal is strongly
reduced, so the ratio is expected to be below 1. For ~ rays the ratio may vary
from one detector to another. In our case it was found to be widely spread
around 5. The vertical axis represents ratio between the real signal duration
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Figure 5.4: Time interval spectrum for two consecutive events (AT) in a given
detector. The black histogram corresponds to events in single mode (multi-
plicity = 1). The red histogram is filled only if an interaction, at least, occurs
in another BaF,. The red histogram is scaled by a factor 13.5 to superimpose
it on the black one.

and the expected one tczpected, given by:

AS ow
texpected ~ty+ 7 In ( ! ) (52)
Yy

Where ¢, is the scintillation time, y is the difference between the baseline
value and pulse shape value and 7 is the decay component.
For good signals the ratio between real signal duration and the expected
one, should be around one. Low value indicates that peaks return to baseline
too fast and these signals are probably due to noise. On Figure 5.5 three
regions are clearly isolated.
e The a particles are associated with fast amplitude to integral ratio below
1.6 and real to expected duration ratio above 0.3.

e v rays are associated with fast amplitude to integral ratio above 1.6 and
real to expected duration ratio above 0.3.

e Finally signals with real to expected duration below 0.3 are rejected.

Results of this selection can be seen on energy spectra shown on Figure 5.6.
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Figure 5.5: Pulse Shape Discrimination between v and « particles based on the
characteristics of the Afqs and Ay, components for each event on a detector
module.
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Figure 5.6: Energy spectrum for 7 and « particles obtained using the PSD
algorithm.

The ~ energy spectrum is shown on black. The « energy spectrum is in red.
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Energy calibration has been performed for v rays, but the same scale has been
used for a spectrum in order to compare both spectra. Figure 5.6 doesn’t show
any structure of the a spectrum in the 7 spectrum leading us to believe that the
here above selection criteria was successful in separating both contributions.

5.2.3 Signal to energy conversion

Each individual detector module (crystal plus photomultiplier) is calibrated
using standard radioactive sources of Y (898 and 1836 keV) and '*"Cs (662
keV) allowing for a calibration in an energy spectrum large enough to account
for possible non linearity of the detector. The BaFy crystals feature typically a
good linearity and it was found that the use of a linear function for calibration
is adequate.

Calibrations are performed at the beginning and end of a measurement
and repeated approximately once a week. The energy calibration of the exper-
imental data is performed by fitting the characteristic peaks in the calibration
sources spectrum and produce an individual detector module calibration func-
tion.

A byproduct of the calibration is the determination of the characteristic «
peak position due to the crystals impurity with radium isotopes and subsequent
decay chain. This reference will be used to check for gain drifts that can happen
during data acquisition.

Taking advantage of the discrimination features of the BaFy crystals, during
the calibration we also look at the alpha spectrum for each detector. The goal
of this procedure is to establish a long term gain stability check. The details
of the stability check are explained later.

The whole information about the resolution and fitting errors of the cali-
bration spectra are calculated and stored for later checking.

After performing the PSD, the -ray energy is obtained using one of the
two following methods:

e Measured signal integral (integration time 3.5 us)
e Fitted signal integration.

After performing the energy calibration for each detector module, the fol-
lowing characteristics are studied:

e Resolution
e Linearity
e Stability
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5.2.4 Energy resolution

The energy resolution has been measured using a **Co source and at various
sampling rates. To avoid a de-convolution problems, the resolution given in
Table 5.1 corresponds to the FWHM averaged on the 1173 and 1332 keV ~ ray
lines of %°Co. Figure 5.7 shows the fractional energy resolution of all detectors
for the three different energies of the calibration sources.

Table 5.1: Fractional energy resolution for a ®°Co source at various sampling
rates and using the measured or fitted signal integral.

Sampling rate (MHz) H Measured integral H Fitted integral

100 15.3% 15.0%
200 13.2% 12.1%
500 13.0% 10.9%

At 100 MHz, because of the too low sampling rate, the fast component
signal is strongly suppressed, and so the PSD does not work. As a result, this
sampling rate can definitively not be used in future experiment. As expected,
the measured signal integral is almost sampling rate independent.

The FWHM is about 13% at both 200 and 500 MHz. On the contrary,
the fitted signal results depend on the sampling rate. Because one adds a
constraint on the pulse shape, resolution using the fitted signal is about 20%
better at 500 MHz than the one obtained using the measured signal. From
these results, all the following studied, will be performed by operating at 500
MHz, and by looking at the fitted signal. These are the conditions used to
acquire the **3U data.

Also, from the studies performed, it was found that the resolution is worse
by about 10% for pile-up events.

5.2.5 Linearity

To assess the linearity of the each detector module, an energy calibration has
been performed by computing the fitted signal integral, ) ¢;, given by equation:

int =e€ Afast T+ Aslow (630 - 7_) (53)

The following radioactive sources have been used:

- 511 keV ~ ray line
_197Cs (662 keV)
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Figure 5.7: Resolution at three different energies for each individual detector
module obtained with the Cs and Y calibration sources.

- %9Co (1173 and 1332 keV)
_ PuC (6130 keV)

The linearity has been estimated by looking at the regression coefficient,
r2, when performing a linear regression. For the all detectors, r? is better than
0.9999 indicating that non-linearities should be below 1%.

5.2.6 Stability

The energy stability has been checked for, using the 7.7 MeV « line coming
from 2'4Po decay shown in Figure 5.8 as red area. The 2'4Po originates due to
the Ra decay which is present in the BaF, crystals as an impurity. The energy
resolution (FWHM) at this energy is about 12% and our goal is to detect an
about 0.25% (Root Mean Square (RMS)) energy variation. The uncertainty
on mean energy value, og is given by:

o
op = —F— 5.4

where o corresponds to the RMS associated with the 7.7 MeV « peak
(~12/2.35%), and N is the number of counts inside the peak. The number of

counts needed to obtained the desired accuracy is then:
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Figure 5.8: Alpha energy spectrum used (red area) to check for energy cali-
bration stability.

Since the a counting rate for each detector is about 200 counts/s [114] and
about one quarter are associated with the 7.7 MeV «a peak, the time, 7', needed
to reach this number of counts is:

N
T=—-—=284 5.6
200/4 ° (5.6)
At 500 MHz the signal is recorded during 16 ms. The number of proton
pulses, Np , needed is:

T
Np = W = 525 pUlSQS (57)

Following this rough study, we have recorded the mean energy associated
with the 7.7 MeV « peak from 2'*Po decay, every 500 proton pulses. « par-
ticles having energies (given by «y calibration) from 2.8 to 3.5 MeV have been
considered (red area in Figure 5.8). If one assumes an average value of 2 pulses
per super-cycle (16.4 s) 500 pulses is about one hour measurement.
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Figure 5.9: Alpha mean energy spectrum for detector 3.

As can be seen on Figure 5.9, the uncertainty on the 7.7 MeV « peak mean
energy is about 6 keV, for an average value of about 3150 keV (relative to =y
calibration), corresponding to gain variations below 0.25%.

5.3 TAC performance

5.3.1 Coincidence using the time window technique

When using the time window coincidence technique, one must assess which
is the time window where real event coincidences exist. This is assessed by
analyzing the time between consecutive events (Figure 5.10) in any of the
detection modules of the TAC and looking for the minimum time distribution
between all detectors. Figure 5.10 shows this distribution obtained during a
233U sample measurement with a nominal (i.e. 7 x 10'? protons/pulse) proton
beam.

Two regions can be clearly seen on Figure 5.10. From 0 to 6 ns the distri-
bution decrease by more than one order of magnitude. This fall-of is charac-
teristic of coincidence events. Above 6 ns it becomes almost flat, as expected
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Figure 5.10: Coincidence time window spectrum. The spectrum is truncated
at 10 ns due to data analysis selection criteria.

for uncorrelated events. A coincidence window longer than 10 ns would favor
only the addition of uncorrelated events with correlated events leading to the
distortion of the real signal.

5.4 Event reconstruction in the TAC

5.4.1 Zero suppression algorithms

The first step in acquiring data is to record the signals seen in the TAC. This is
done for each individual detector module by digitalizing the signals and store
them in local disk servers. The digitalization, produces a “movie” that should
be understood in this context as the full recording of each detector module
output without any cuts or analysis, showing signals (any interaction with the
detector module) or the baseline for all the time where the acquisition system
is active. Despite the advantages that this procedure can bring to the analysis
of problems with the acquisition system, it is very memory consuming as many
time regions of the “movie” have no signals. To save memory without loosing
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information, a data reduction algorithm called Zero-Suppression, analyzes the
movie of each detector module and removes all regions below a given threshold.
In the regions with signals, a part of the base line is kept before and after the
signal.

The resulting raw data is stored in the CASTOR facility [119] at CERN
where the raw data is transformed in Data Summary Tape (DST) using anal-
ysis routines specific for each detector as is the case of the PSD for the TAC.
The DST contains all the physical quantities assessed upon the signal analysis
and fitting but in a compressed binary form. For analysis purposes, the data
is retrieve using a routine called DST2ROOT which migrates the data to a
easier readable format (ROOT files [120]) used in the analysis containing only
the necessary variables. The ROOT files contain all the extracted parameters
associated with the signal processing as given in section 5.1.4 by using the
TTree format of ROOT:

In Figure 5.11 a diagram of the data management and pre-analysis steps
is shown until the events are reconstructed and ready for analysis.

| DST2ROOT |

Data migration from DST to ROOT format

RooT
ibration runs

Data runs ’TAC’ s energy calibration

wbration functions

BaF, Control Analysz's‘

Corrections produced

’BCLFQ Analysis + BaFy Control's corrections ‘

Event reconstruction with corrections applied

’Histogmms used in the Analysis‘

Figure 5.11: Scheme of the 233U data processing from DST data to the his-
tograms used in the analysis.

The first step performed once the data is in the form of a ROOT TTree
which is a storage format native of ROOT, is to assess the energy calibration
correlating the area of a signal detected with the specific energy. To do so, a
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calibration is done using the data in the calibration runs which is acquired for
standard calibration sources like Cs, or Y.

The previously assessed calibration will be used but not applied when doing
the first loop over the 233U data or other auxiliary data like empty canning,
using the BaFy Control analysis routine.

5.4.2 BaF,; Control routine

When starting to process the data, the BaF, Control routine, performs a check
of the data using the energy calibration assessed previously and creates a
correction factor for any possible gain drift. The corrections assessed are not
applied immediately. Instead, the information is stored and applied using the
BaFy Analysis routine.

5.4.3 BaF;, Analysis routine

Is at this point that the signals are calibrated in energy and correct for any
gain drift. The BaFy Analysis routine is the main routine for reconstructing
the neutron capture and fission events from individual signals applying the
time coincidence technique to the events. Some important parameters are
recomputed for each event in the coincidence window namely:

e The TOF of an event is recomputed from the corrected (clock adjust-
ments) time minus the pick-up time. The time is assessed from the time
of the first signal that opens the coincidence window.

e Energy deposited in the crystal corrected by any known gain drift.

e Number of crystals with hits within the coincidence window.

e Total energy deposited in the TAC from hits within the coincidence
window.

The events are reconstruct and stored in Histograms. A list of the main
histograms produced and used in the analysis is shown below:

e 1D histogram with the TOF spectra in the vicinity of the gamma flash
to have a precise determination of the gamma flash.

e 1D histogram with the total number of counts in the TAC vs TOF with-
out any correction except for the noise rejection criteria as explained in
section 5.2.2. This is used to assess the count rate for each TOF bin.

e 2D histogram with counts as function of the TOF and Total energy
deposition for a given multiplicity criteria.
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5.4.4 Single detector module analysis

From now on, the data analysis is performed only by looking at ~ rays. At this
point, the first thing to do is to check if each individual detector module has the
expected behavior. A look at the gamma spectrum of a single detector module
is a quick and efficient check and can help understand the whole analysis
procedure.
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Figure 5.12: Gamma spectrum for a single detector displayed in linear (left)
and logarithm (right) scale.

When looking at a single detector without any correlation or time coinci-
dence analysis, all the events with multiplicity equal to 1 but also single gam-
mas from events with higher multiplicities are scored. Assuming that gamma
emission is isotropic, this spectrum must be similar in all detector modules.

In Figure 5.12 (left) its possible to see a set of peaks being the most ener-
getic one the contribution from 2*®Pb (2.614 MeV) which is a decay product
of the 2°®T1 and is related with the sample activity as will be detailed later.
The peak at approximately 500 keV can be attributed to pair production and
also to the 1°B(n, o+ )" Li reaction which has a gamma with 478 keV. More-
over, (in the right plot) we can see the existence of some 7 rays with higher
energy than the sample related activity v rays and the capture binding energy
(approximately at 6.9 MeV) . This is due to capture in structural materials,
fission and even cosmic background.

5.4.5 Total energy deposition in the TAC

Once all 40 detector modules are checked to be working as expected, one can
start looking at the whole TAC system data analysis as a single detector. With
the possibility of correlating signals between individual detector modules, the
event analysis can achieve a higher level of discrimination.

108



In the case of neutron capture, events are characterized by the emission
of gamma radiation during the deexcitation of the compound nucleus to the
ground level. The v rays (more than one) are emitted in a very small time
interval of the order of few ns. The number of emitted ~ rays is denominated
“capture event multiplicity”.

5.4.5.1 Total energy deposition and multiplicity assessment using
the coincidence time window

Neutron capture, fission and sample related activity events are also character-
ized by higher than 1 multiplicities. To detect and reconstruct such events and
clearly identify them, we take advantage of the TAC’s 47 solid angle and the
good segmentation given by the 40 BakF; detector modules. The solid angle
permits to detect almost all the gammas emitted in an event while the segmen-
tation of the detection system allows the identification of background events
with energies close to the binding energy, due to the characteristic multiplicity
equal to 1.
The event reconstruction algorithm consists of:

e order the events in time

e Taking the first gamma ray detected in the TAC and identify the time
and detection module where it occurred.

e Search the remaining 39 detection modules for events occurring in the
same time plus the time coincidence window (10 ns).

e Add the number of detection modules with signals to calculate the event
multiplicity.

e Add the energy of all individual gamma rays to assess the total energy
deposition.

e Search for a new event by looking for the next gamma ray detected after
the time of the previous gamma ray plus the time window.

The time interval used to search for coincident detected gammas in each
detector modules is denominated as “time window” for coincidences.

A scheme of the time window application to the data flow can be seen in
Figure 5.13. The assessment of the event multiplicity is also displayed. Impor-
tant to note that for every signal, a time window is opened except if the signal
is already inside a previous time window due to coincidence. In Figure 5.13,
some time windows have been omitted to simplify the understanding.

All events are “tagged” with multiplicity equal to the number of gammas
detected in the TAC. If more than one gamma is found while the coincidence
time window is open, the event is “selected’.

To be sure to detect all the gammas from the capture events, one should opt
for the largest possible coincidence time window. This is constrained by the
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Figure 5.13: Scheme of the coincidence window applied in the TAC’s data
analysis.

rate of events happening as we aim to isolate each event instead of adding them
all. The coincidence time window is as large as possible avoiding being too large
to count more than one event. In the particular case of n_TOF, where capture,
fission, sample related activity and scattering events compete, the time window
must be scaled down to avoid the addition of background events with other
events. The value found that optimizes the number of detected capture and
fission events without losing many due to pile up with background was 10 ns.

If one applies the multiplicity selection criteria to remove uncorrelated back-
ground events and reconstruct the events with higher multiplicity, this leads to
a new spectrum corresponding to the total energy deposition in the TAC (40
detector module system) as a function of time. Unfortunately, the spectrum
is contaminated with background (non-capture events), and we can see many
contributions from other reactions as shown in Figure 5.14).

Looking at the total energy spectrum for all the 40 detectors (Figure 5.14),
and taking in consideration that multiplicity higher than 1 is used in the
analysis, one can see:

e The sample related activity peak at approximately 3.2 MeV.
e The capture binding energy for the 233U at approximately 6.9MeV.
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Figure 5.14: Total energy deposition in the TAC (40 BaF, detector modules)
with multiplicity higher than 1.

e The neutron capture in the Barium of the detectors at approximately 8
and 9 MeV.

e The exponential tail at energy deposition higher than 9 MeV due to the
fission events.

The sample related activity presents itself as narrow peak and fission has
the shape of an exponential tail.

5.5 Event selection criteria

A typical way to discriminate between events originating from different nuclear
reactions is to apply selection criteria to the physical quantities extracted from
the signals detected to separate the contribution of one nuclear reaction from
the other. These selection criteria can be applied to any physical quantity. A
good example is the discrimination between o and ~y signals applying selection
criteria on the magnitude of the fast and slow component of each signal. To
continue, it’s important to understand which selection criteria can be applied
to the detection modules or to the TAC in order to improve our signal to back-
ground ratio where the signal corresponds to the gammas emitted by capture
events and the background are all competing reactions. The set of selection
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criteria that optimize the signal to background ratio have been studied in terms
of multiplicity and detections threshold and is detailed in the next sections.

5.5.1 Event gamma multiplicity

The gamma multiplicity used in the analysis has been addressed before and
defined as higher than 1 but not discussed. This choice has to do with the
nature of the capture events that we want to isolate from the background. The
background definition for the analysis process here discussed can be defined as
the uncorrelated events detected. This includes all detected ~ rays that occur
at a given time and for which there is no other gamma detection occurring
within the coincidence window. In the case of 233U capture, the multiplicity
equal to one is highly improbable due to the high number of nuclear levels
available to be populated during the deexcitation process.
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Figure 5.15: Different selection criteria in gamma multiplicity applied to the
energy deposited spectrum. No selection criteria in multiplicity (black). Mul-
tiplicity higher than 1 (red) and higher than 2 (blue). Right plot is a zoom of
the left plot along the y axis.

In Figure 5.15, the total energy deposition in the TAC is shown for different
selection criteria applied on the gamma multiplicity.

For multiplicity, the condition that increases the signal to background ratio
was found to be higher than 1 as shown in Figure 5.15.

5.5.2 Single gamma energy threshold

The energy threshold can be applied to each single detector module or to the
total energy deposited in the TAC. Based on the analysis done and shown in
Figure 5.16, the threshold for single gamma that improves the signal (top of
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the resonances) to background (deep part between resonances) ratio without
loosing the characteristic signature of capture events was 150 keV.

Counts dN/dT
N
=)
S
S
\

3500 — Threshold at 75keV | . .
- Threshold at 150keV
3000 [ Threshold at 300keV |- ] i

2500

2000

1500

1000

500

6.5 7
Log(Time-Of-Flight (ns))

Figure 5.16: Time spectrum showing the resonant behavior of the data and
the effect of different gamma energy detection thresholds.

Looking at Figure 5.16 the introduction of a 300 keV threshold seems to
be the best choice but Figure 5.17 shows that it excludes too many gammas
coming from capture events. This threshold excludes important part of the
background but the removal of capture contributions is also significant, causing
the binding energy peak to disappear from the energy deposition spectrum.

Its important to stress that a higher threshold can improve the signal to
background ratio but completely change the energy deposition signature of
each competing reaction and affect the ability to discriminate between com-
peting reactions. This can be seen in Figure 5.17.

5.5.3 Thresholds in minimum and maximum total en-
ergy deposition

The imposition of minimum and maximum thresholds for total energy depo-

sition was foreseen as a way to separate the capture events from fission events

together with other selection criteria. The goal of the thresholds in minimum
and maximum total energy deposition is to completely isolate the capture
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Figure 5.17: Effect of different gamma energy detection thresholds in the en-
ergy deposition spectrum.

contribution from the fission and activity contributions. The results obtained
using this methodology are shown and discussed in Section 5.8.

5.6 Sample characterization

The 23U sample used in n_TOF to measure the neutron capture cross section
has the dimensions of a 10 mm diameter disc. The 233U mass is deposited on an
aluminum backing and encapsulated with Titanium. The final sample assem-
bly can be seen is Figure 5.18 together with the sample holder made of kapton
foil used to center the sample inside the TAC and avoid as much as possible
the interaction of the neutron beam with structural materials. Figure 5.19
shows the sample assembly layout.

The 2*3U sample although highly enriched is not a pure isotopic sample
(as shown in Table 5.2) and this together with the significant amount of other
materials like Al and Ti constituents of the sample backing and canning respec-
tively, intersect the neutron beam and lead to an increase in the complexity
of the data analysis and also to the need of informations about the competing
reactions cross sections and background in the Total Absorber Calorimeter
(TAC).

Due to the results obtained with the analysis of the measured sample re-
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Figure 5.18: 233U sample assembly (1 cm diameter) and sample holders.

Figure 5.19: Sample assembly scheme showing the 23U mass (blue), Ti encap-
sulation (red) and Al backing (green).

Table 5.2: Details of the sample assembly used.

Sample Coﬁio;;)spéﬁon Canning
Property Value Isotope At(()yzmc Material 1(\1[;;;
U30g mass | 108 mg 33U 99.01 Ti mass 277.1
23U mass | 91 mg 34U 0.74 Al mass 70
Diameter | 10 mm 235U 0.23
Thickness n.a. 28U 0.04
atoms/barn | 1073 2327 n.a.
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lated activity in n_TOF, it was decided to add an impurity of ?**U to the
Table 5.2. The amount of the impurity is unknown and the origin will be
discussed in the next section.

5.6.1 Sample’s activity

As mentioned before, the ?*3U is highly enriched but not pure, containing an
unquantified impurity of *U which is a radioactive isotope with a half-life of
70 years. The origin of the 232U is related probably with the way the 233U
mass/sample was build from 232Th by irradiation in a nuclear reactor.

The ?*2U decay mode is typically o emission although it can undergo spon-
taneous fission. In the case of o emission, the decay path is complex as shown
in Figure 5.20.

232]7 sf
9.0E~11%
70y
2287},
1.91y
224Ra
3.66d
220 Ry,
55.65
216 .
Po§023%
150ms
10.6h .
212 py, 212 3, = 212 p,,

1.01hl35.9%

2087] 3.05m 208 pp

Figure 5.20: 233U sample’s activity resulting from 232U impurity. The main
source of the activity seen is the 2°*T1 which comes from the #*2U probable
impurity.

The sample related activity is dominated, with the applied multiplicity
criteria (M>1), by the 2°®TI decay to 2°*Pb which have high energetic v lines
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as can be seen in Figure 5.21. Note that the better TAC resolution is due to
the use of only 8 detection modules instead of 40.
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Figure 5.21: Activity measurement of the 233U sample with the TAC and a
simple analysis of the same spectrum imposing selection criteria in multiplicity
(M=1 and M>=2.

5.6.2 Sample’s homogeneity

One very important factor when measuring neutron cross sections is the beam
intersection with the sample and therefore two important factors that must be
taken into account. One being the neutron beam profile which will be discussed
later and the other is the sample’s homogeneity. In the case of the 23U sample
and to investigate the distribution of the U mass inside the canning assembly,
an X-ray picture was taken as shown in Figure 5.22. No analysis was performed
to assess the U mass thickness and distribution and therefore its only possible
to speculate about this. On the other hand, the results obtained from the
X-ray image show a size approximately of 10.2 and 10.0 mm for the horizontal
and vertical profile respectively which is acceptable. Moreover, the same 0.2
mm difference is present in all samples measured, leading to the conclusion
that it may by related with the measurement rather than with the sample.
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Figure 5.22: X-ray picture of the 233U sample plus canning.

5.7 Detector's gain monitoring

As mentioned before, the neutrons coming out from the spallation target are
preceded by relativistic radiation coming directly from the spallation processes
and due to many interactions and second order particles produced in the shield-
ing and collimation systems, the effect in the detectors is overkilling making
then blind to the following nuclear reactions happening in the sample. This
relativistic radiation burst is denominated as y-flash and it takes about 100 pus
for the detectors to recover the base line. Once the detectors recover enough
to be able to detect the desired nuclear reactions, there is no guarantee of an
accurate energy determination. The way found to check the gain stability of
the detectors was by looking at the activity peak energy (3.1977 MeV) which
should always be constant despite the neutron energy (or TOF).

In the particular case of the 233U, the sample has an impurity of 232U which
increases the sample radioactivity. The activity measurement of the sample
shows a spectrum with several lines characteristic of the decay scheme of the
above mentioned isotope (Figure 5.21).

Considering the particular selection criteria used in the 233U analysis (Mul-
tiplicity >1) and the high activity rate, the activity peak at 3.1977 MeV with
57% intensity can serve as reference for gain shifts along the period of the neu-
tron energy spectrum. This peak is clearly visible and possible to be tracked in
most of the neutron energy range of interest for the 233U cross section analysis.

A routine has bean implemented to fit the activity peak and determine the
variations in the activity peak energy vs the neutron energy. The variations
in the energy of the activity peak are related with gain variations and plotting
this against the neutron energy shows the time dependence as neutron energy
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is related with time-of-flight.

An energy shift induced by the higher count rate at the resonance was al-
ready foreseen and the correction implemented in the energy deposition anal-
ysis routine. Even with this correction implemented a significant amount of
energy shift was still present.
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Figure 5.23: Activity peak shift in energy vs the neutron energy.

Figure 5.23 shows the evolution of the activity peak energy with the neutron
energy in each neutron beam pulse. The results are very interesting and show
a long gain decay constant associated with the already expected effect due to
higher count rate in the resonances.

This effect has been studied and a correction patch was added in the
"BaF2Analysis“ routine to correct the energy deposition spectrum.

The gain variation with the count rate has been studied and found to be
too small to correct (0.5% variation) as shown in Figure 5.24 and to have any
effect in the decomposition routine.

5.8 Event analysis - first attempt

The methodology here discussed to reconstruct the neutron capture yield is
based on a series of imposed selection criteria to increase the capture to fission
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Figure 5.24: Variation of the TAC’s gain with the count rate.

ratio and also to reduce the contribution due to the sample related activity.

Several selection criteria where studied and implemented. The detection
threshold at 150 keV was kept from the previous analysis (Figure 5.16). A
new threshold for the lower total energy deposition (Edep) was implemented
at 4 MeV. With this threshold, the contribution from the sample activity is
removed.

An upper energy deposition threshold was also implemented in order to
mitigate the contribution from fission and from capture events occurring in
the structural materials that are characterized by a higher binding energy.
This threshold cuts every event having a energy deposition above 7 MeV as
can be seen in Figure 5.25.

Figure 5.25, shows a comparison of the total energy deposition spectra for
the applied selection criteria in gamma energy threshold, total energy deposi-
tion and multiplicity (red spectrum).

Multiplicity selection criteria have been implemented taking in considera-
tion the different multiplicity distributions for capture and fission. Capture
has a lower average multiplicity comparing to fission in the particular case of
233U. With a higher multiplicity cut at 5 the capture contributions are left
almost unaffected. On the contrary, the fission is affected allowing to improve
the capture to fission ratio as can be seen by the variation of the ratio of the
first and second (counting from the right) resonance in Figure 5.26. The lower
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Figure 5.25: Comparison of the total energy deposition spectra for the applied
selection criteria in gamma energy threshold, total energy deposition and mul-
tiplicity. The red spectrum corresponds to the selection criteria in energy
deposition (4 < Edep(MeV) < 7) and multiplicity ( 1 < M < 6). The light
blue spectrum as only selection criteria in multiplicity (M > 1).

multiplicity threshold is kept at 1 to avoid severe rejection of events from the
capture contribution.
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Figure 5.26: Time-Of-Flight spectrum comparison for applied selection criteria
in total energy deposition and multiplicity. The red spectrum has condition in
energy deposition (4 < Edep(MeV) < 7) and multiplicity ( 1 < M < 6). The
light blue as only selection criteria in multiplicity (M > 1).

The major problem with this methodology is related with the need to

completely isolate the capture contribution from the rest of the contribution
such as fission, and scattering. With the set of selection criteria previously
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applied this seems out of reach. A possibility would be to use the ENDF /B-
VII.1 neutron induced fission cross section which is relatively well known to
subtract the fission component. Despite of the possibility of obtain results
with this methodology, this would imply that the neutron capture measure-
ment at n_TOF would depend on previous measurement and the goal of this
measurement was exactly the opposite as it was aimed at determining a com-
pletely independent and highly accurate cross section in a broad energy range.
Moreover, the scattering effect must also be accounted for, leading to another
dependency on a previous measurement.
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0.004 Jf ————— nTOF *U data (Capture + Fission + Scattering
% ! l ——— nTOFCapture data for Py
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Figure 5.27: Reconstruction of the 233U neutron capture yield using the fission
and scattering cross section from ENDF/B-VIL.1 library.

Figure 5.27 shows the extraction of the 233U capture cross section by recon-
structing the n_TOF data based on the knowledge of the fission and scattering
cross sections from the ENDF/B-VII.1. A good agreement can be observed
between the experimental data and the reconstruction except at 5.5 eV where
a contribution from 23U capture cross section is visible.

A comparison of the 23U capture cross section obtained in n_TOF with the
ENDF/B-VII.1 library shows agreement despite the limitation of the method-
ology as shown in Figure 5.28. As mentioned before this methodology depends
strongly on the good knowledge of the fission and scattering cross sections and
the results are highly correlated with the ENDF/B-VII.1 data which is not
desirable. A methodology to measure the capture and fission cross sections
highly independent on available data is of paramount importance if one aims
at adding new information or strong validation to the already existent data.
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Chapter 6

CSD - A new methodology for
the 23°U data analysis

Using the 233U sample data taken in the energy range up to about 5 keV, a
preliminary analysis showed that the TAC response provided the information
for reconstructing the v cascades from neutron-induced capture and fission
events properly. It also showed that a traditional approach, where the applied
selection criteria are based on cuts in v multiplicity and on the total deposited
energy would not suffice to discriminate between neutron capture and fission
for determining an accurate neutron capture cross section, mainly due to the
very broad range in multiplicity and in total deposited energy of the fission
~-rays that dominate the capture channel.

Apart from the y-ray cascades emitted in (n,7) and (n, f) reactions, back-
grounds are due to:

e 7-rays from neutron capture of neutrons scattered in the sample assem-

bly.
e Sample related activity.
e An uncorrelated component composed of in-beam ~-rays scattered by
the sample.

e Ambient background in the experimental area.

All these components have to be considered in the analysis of the 23U data.

First, a short time window of 10 ns was chosen for selecting y-ray cascades
from capture events. With this choice, the number of detected capture events
was optimized with respect to background by pile-up of uncorrelated ~-rays.
During data acquisition, for each BaF; module an electronic threshold cor-
responding to a minimum energy of 150 keV for single y-rays was imposed
to improve the signal to noise ratio without loosing the characteristic multi-
plicity information of capture and fission events. In the following, the term
multiplicity denotes the number of BaFy; modules contributing to an event.
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Backgrounds due to uncorrelated events, particularly the in-beam ~-ray com-
ponent, which consists mostly of single low energy ~-rays below 2 MeV, could
be efficiently reduced by rejecting events with multiplicity of one.

With these selection criteria, the TAC energy response to the interaction
of neutrons with the 2*3U sample is displayed in the bottom right panel of Fig-
ure 6.1. The pronounced peak in the total energy deposition at approximately
3.2 MeV corresponds to the 7 activity of the sample (Figure 6.1, bottom right).
The signature of the sum energy of the capture cascade in 233U, which corre-
sponds to the Q-value, appears at approximately 6.9 MeV. At higher energies,
capture events in the barium crystals contribute around 8 and 9 MeV, while
the high energy part of the y-rays from neutron induced fission extends up to
16 MeV.
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Figure 6.1: Plot of the data in a 2D histogram (top) and projections on the
time-of-flight (bottom left) and total energy deposition (bottom right) axes.
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6.1 Calorimetric Shape Decomposition (CSD)
method

The identification of neutron capture events is complicated because multiplicity
and total energy distributions are strongly dominated by the neutron induced
fission channel. Additionally, the capture/fission ratio is only about 1/10 on
average in the energy range studied here. Therefore, selection criteria based
on energy deposition and multiplicity alone are not sufficient to discriminate
between the two reactions. This leads to the need of a different analysis method
based on characteristics that are unique for each reaction [121].

The specific features of the y-ray cascades from capture and fission reactions
studied in this work are summarized in Table 6.1.

Table 6.1: Neutron capture and neutron induced fission characteristics for
energy deposition (Edep) and multiplicity (Mult) distributions. Data obtained
from the analysis and constrained by the here-above mentioned event selection
criteria.

Low Edep | High Edep | Average Edep | Low | High | Average
keV keV keV Mult | Mult Mult
Capture 300 6900 4630 2 6 3.69
Fission 300 16000 4955 2 20 5.5

The characteristic feature found to be unique and useful was the shape of
the total energy distribution in the TAC, to which capture and fission events
contribute linearly independent from each other. Using the CSD method, the
contributions of the different reactions are discriminated solely by the TAC
energy response, independent of selection criteria. It only requires to know the
open reaction channels and the respective energy deposition spectra, because
these are reflecting the specific physics of each reaction. Even if the mean
energy deposition for capture and fission are similar, the shape of both spectra
are different.

The following assumptions must be verified in order to use the CSD method:

e The TAC energy response to neutron capture and neutron induced fis-
sion is assumed to be the same for each resonance (i.e. neutron energy
independent). The reason behind this is that the large intrinsic efficiency
of the TAC makes the total energy deposition highly independent from
the electromagnetic de-excitation pattern.

e The coincidence time window is small enough to avoid the addition of
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different contributions. There are two distinct effects: the summing
due to the coincidence window and pile-up in each individual crystal.
By reducing the coincidence time window, one can mitigate the sum
of y-rays from two distinct events occurring very close in time. The
low counting (below 1 keV the count rate remains below 1.2 counts/us
and below 100 eV the count rate does not exceed 0.7 counts/us) rate
in the neutron energy region of interest contributes also to mitigate the
possibility of pile-up in the crystals.

e The shape of each contribution is linearly independent from the others
and the total energy deposition spectrum can be expressed as a linear
combination of the individual contributions.

Figure 6.2 shows the data analysis procedure using the aforementioned

CSD method.

‘Prepmcessed data in histograms

Use of the histograms containing Time, Energy Deposition and Counts

Analysis of the energy deposition spectrum

Analysis at specific resonace regions

‘Determination of the TAC"s energy reponse to Fission‘

TAC's reponse to Fission

‘Determination of the TAC's energy reponse to Capture‘

TAC's reponse to Fission and Capture ‘TAC,S reponse to ACtZUZt’y‘

‘Decomposition of the energy deposition spectrum F—{ TAC's reponse to Scattermg‘

Using all the TAC's energy responses

‘Yield for Capture, Fission, Activity and Scatem'ng‘ ‘TAC’S reponse to background‘

Figure 6.2: Methodology scheme for the 233U data analysis.

The first step of the analysis consists in determining the TAC energy re-
sponse to each competing reaction. Once all the characteristic TAC energy
responses are known, one can express the TAC’s total energy deposition spec-
trum as a linear combination of the TAC’s response to the individual compo-
nents.

More detailed information will be given in section 6.3 where the method is
applied to 233U with the TAC.
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6.1.1 TAC’s energy response for each competing reac-
tion

To obtain the characteristic TAC energy response for each reaction, it is neces-
sary to measure it alone or with applying a set of selection criteria that allows
the discrimination. This is possible for most of the background components
such as sample related activity, neutron scattering, ambient background of the
facility without sample nor beam. The main difficulty rests in the neutron
capture and neutron induced fission events.

To assess the difference between the response of the TAC for neutron in-
duced fission and capture events, the energy deposition spectrum was studied
at neutron energies where the resonant behavior of the cross sections leads to
an enhancement of the fission or capture reaction.

Because the analysis of the TAC response is made by looking at the total
energy deposition at given neutron energies, the data has been stored in a 2D
histogram displaying the number of counts for each time-of-flight and energy
deposition bin (Figure 6.1 top panel). This allows to analyze the energy depo-
sition spectrum as function of the neutron energy (related to the time-of-flight)
and study the resonant behavior of the data.

Figure 6.1 illustrates the resonant behavior as a function of time-of-flight.
The distribution of the energy deposited in the detector for a time-of-flight
corresponding to the 2.28 eV resonance is shown in the bottom right panel of
Figure 6.1. The left panel is the distribution of the time-of-flight independent
of the energy deposition in the detector. Selection criteria applied in energy
deposition to discriminate between reactions occurring will provide the means
to determine the individual cross sections.

It is important to stress that in the vicinity of a resonance, the non resonant
contribution is supposed to remain constant in time, and therefore will not
change from one time bin to another. The neutron scattering cross section of
233U follows closely the resonant structure of the neutron capture and neutron
induced fission cross section but due to the smaller amplitude of the resonant
component can be considered constant (see Figure 5.1). A comparison of the
projections of two different time bins will show differences only in the resonant
fission and capture contributions, while the non-resonant components due to
the sample activity and other uncorrelated backgrounds will be constant. The
differential analysis of the projections of different time bins can then be used
to isolate only the resonant components.

Because the capture and fission channels contribute to the resonances of
233U, one needs an additional criteria for their separation. The evaluated 23U
neutron capture and fission cross-section data in the ENDF/B-VIL.1 library
[21] (Figure 6.3) clearly indicate that the fission component is always larger
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than the capture component in the range comprehended from meV to MeV.
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Figure 6.3: Evaluated neutron capture and fission cross sections for 233U ex-
tracted from the ENDF/B-VIL.1 library [21]. Resonances used to assess the
TAC response to capture and fission events are indicated by boxes (a) and (b),
respectively.

On average, the ratio between the fission and capture cross section is ap-
proximately 10, except for the second resonance at 2.28 eV, a) where capture
and fission contributions are approximately equal. Another exception occurs
at the 4.5 eV resonance, b) where the cross section is strongly dominated by
the fission channel. This "fission only” resonance allows to assess the TAC
energy response to fission.

6.1.2 TAC’s energy response to neutron induced fission

To determine the energy response of the TAC to fission, the energy deposi-
tion pattern in the 4.5 eV resonance and in the surrounding deeps between the
neighboring resonances have been analyzed as shown in Figure 6.4. The counts
in the resonance are due to fission events, superimposed by time-independent
background from the sample related activity and other uncorrelated back-
grounds.

It should be stressed that in the energy range of interest (1 ev to 1 keV)
also the effect of sample-scattered neutrons belongs to this time-independent
component, which can be obtained in the regions outside the resonance, where
the fission contribution is less important and the non-resonant contribute in
a more significant way to the data in the form of a constant background as
shown in Figure 6.5.
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Figure 6.4: The evaluated neutron capture and fission cross sections of 233U
from the ENDF/B-VII.1 library [21] in the neutron energy range between 3
and 7 eV showing the fission-dominated resonance at 4.5 eV (top), and the
adopted analysis scheme for the determination of the energy deposition pattern
of fission events (bottom).

The TAC response to this background can be subtracted from the events
in the resonance region after proper normalization to equivalent TOF bins in
the resonant and non-resonant part. (This normalization was applied to all
other background components accordingly.) With this subtraction, the non-
resonant components are completely removed from the spectrum, yielding the
TAC energy deposition response to neutron induced fission shown in Figure 6.6.

In order to reduce the statistical fluctuations, a smoothing was done to
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Figure 6.5: The evaluated neutron capture, fission and elastic scattering cross
sections of 233U from the ENDF/B-VIL.1 library[21].

the obtained TAC energy response to neutron induced fission as shown in
Figure 6.6 (right panel).

6.1.3 TAC’s energy response to neutron capture

The energy response of the TAC to neutron capture events was assessed by
means of the 2.28 eV resonance shown in Figure 6.7.

The capture-to-fission ratio of that resonance is close to one, much higher
than the ratio in the resolved resonance region, which is typically a factor of
10 lower. The capture and fission components have been separated using the
same background subtraction as for the 4.5 eV resonance.

The correction for the fission component was obtained by a linear fit of the
fission distribution above the neutron binding energy of 23U of 6.9 MeV, where
all counts could be considered as fission events. The resulting TAC response
to capture events is shown in Figure 6.8.

The procedure is repeated for several resonances to increase the statistics
for the TAC’s energy response to capture as shown in Figure 6.9.

6.1.4 TAC’s energy response to neutron scattering

Neutrons are scattered by all materials that intersect the beam inside the TAC,
in particular by the sample itself but also by the sample canning and the sample
holder. In the case of the 233U sample, the titanium canning that had been
required for safety reasons gave rise to the largest background contribution,
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Figure 6.6: TAC’s energy response to fission events obtained by subtraction
of the time-independent background in the 4.5 eV resonance from the overall
deposited energy spectrum. In the bottom panel, a zoom on the Y-axis il-
lustrates the fission component in detail. The solid curve represents the TAC
energy response to fission after smoothing.

not only due to the sizable capture and elastic scattering cross sections of the
titanium but also due to the large mass. A second, smaller contribution comes
from the aluminum backing of the 233U deposit. The respective contributions
have been determined for each TOF bin directly by the measured TAC energy
response of a titanium canning with a aluminum backing but no uranium.

e Neutron scattering in the materials surrounding the 233U mass (measured
directly).
e Neutron scattering in the ?**U mass (measured indirectly).
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Figure 6.7: The evaluated neutron capture and fission cross sections of 233U
from the ENDF/B-VII.1 library [21] in the neutron energy range from 0.5 to
4.5 eV showing the 2.3 eV resonance (top), and the adopted analysis scheme for
the determination of the energy deposition pattern of capture events (bottom).

6.1.4.1 TAC’s energy response to scattering in the canning assem-
bly

A look at the sample assembly composition shown in Table 5.2 (Section 5.6)
help us understand that the titanium canning surrounding the sample used
for safety reasons may yield an important contribution, not only due to the
magnitude of the titanium neutron elastic and capture cross sections (displayed
in Figure 6.10) but also due to the mass of this material intersecting the
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neutron beam.

The titanium will contribute mainly with neutron scattering but also with
capture events having a binding energy of 8142.39 keV from **Ti [122] with
75% abundance and with neutrons that will be scattered.

Another important contribution is the aluminum that serves as deposition
medium for the 23U mass. This contribution will add to the one from titanium
although with a smaller effect due to its smaller mass. The total cross section
for aluminum behaves very similarly to the titanium in terms of neutron energy
range where resonant behavior is present. The total cross section for both
nuclides are dominated by elastic scattering and neutron capture, aluminum
featuring a higher binding energy (13057.81 keV [122]) for neutron capture in
AL

The measured TAC’s response to neutron scattering by the sample’s can-
ning is displayed in Figure 6.11 as function of the incident neutron energy.
Figure 6.12 shows the behavior of the energy deposition spectrum for 4 differ-
ent values of the incident neutron energy.

Note that the energy spectrum at 2 eV (Figure 6.12 top left panel) show a
typical capture shape with binding energy at approximately 8 MeV. This can
be attributed either to capture in titanium or in barium present in the BaFy
crystals.
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Figure 6.9: Assessment of the TAC’s energy response to neutron capture using
the already known energy response to fission. The experimental data is in
black while the fission response is in red and the assessed capture response is
in green.

6.1.4.2 Neutron scattering due to the ?**U mass

One of problems encountered during the data analysis of the 233U data was
how to account for the scattering cross section of the 233U. One logical way to
approach the problem is to measure the scattering of an isotope with similar
mass but without the other possible reaction channels open, like fission or
capture. While the Ti and Al components can be measured directly with the
dummy sample, the contribution from neutron scattering in the #*3U sample
had to be inferred from a background run with a carbon sample. Lead and
Carbon can be considered as pure neutron scatterers in the energy region of
interest (1 eV to 1 keV), which was assumed to simulate the scattering effect
of 233U. This approximation is justified because it turned out that ?C exhibits
the same TAC signature for scattered neutrons as 233U. The description of the
total scattering component was obtained by means of the measured data sets
for the canning assembly and the carbon sample.
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Figure 6.10: “8Ti elastic neutron scattering and neutron capture cross-sections
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Figure 6.11: Neutron energy spectrum for the canning assembly with multi-
plicity higher than 1 and single gamma threshold of 150 keV.
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Figure 6.12: Energy deposition due to the canning assembly for different inci-
dent neutron energies (2 eV, 250 eV, 3 keV and 16 keV).

6.1.4.3 Neutron scattering due to the ?**U mass using the carbon
sample

This sample had been measured in the same data acquisition campaign in
identical experimental conditions relatively to the 233U measured data.

The incident neutron energy spectrum is shown in Figure 6.13 and the
energy deposition spectrum for several selected incident neutron energies is
displayed in Figure 6.14

Although, one could perform a more in depth study of the scattering com-
ponents and associated neutron capture, the full analysis of the titanium,
aluminum and ?*3U scattering footprint in the detection system goes beyond
the scope of the present analysis and for the work here discussed, we are only
interested in accounting correctly for these contributions and not completely
disentangle them in basic components.

For the purpose of the data analysis where the aim is to make a correct
description of this component, a mathematical parameterization was avoided,
The use of a mathematical parameterization would imply a highly complex
mathematical functions with many degrees of freedom and dependencies on
the incident neutron energy.
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Figure 6.14: Energy deposition due to the carbon sample for different incident
neutron energies with multiplicity higher than 1 and single gamma threshold
of 150 keV.

Instead, the use of the measured empty sample assembly data set, nor-
malized and corrected for count rate effects was used. With this procedure,
the canning contribution will not be subtracted but used together with the
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other TAC’s responses to reproduce the energy deposition spectrum for each
time-of-flight bin.

6.1.5 Sample activity signature in the TAC

The TAC’s energy response to sample related activity was assessed by mea-
suring the 233U sample without beam. Figure 6.15 displays the measured
spectrum.
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Figure 6.15: The TAC’s response to the sample related activity.

6.2 Preparing the data for the decomposition

A source of contamination that is present always is the ambient background
of the experimental area. This background will appear in all acquired data
and must be removed in order to avoid multiple accounts. The way chosen
to avoid multiple accounts for the ambient background was to remove it from
all components and also from the 233U data. In this way, its assured that an
equal methodology was employed for all components. The subtraction of the
ambient background is shown for all individual components in the next section
and explained in detail.

The background Time-Of-Flight and Energy Deposition spectra can be seen
in Figure 6.16 Important to note that the ambient background of the facility
seems to have a higher intensity around 2 MeV.
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Figure 6.16: Neutron energy spectrum of the ambient background of the facility
(left) and energy deposition spectrum (right).

6.2.1 Removing the ambient background from the 233U

The subtraction of the ambient background in the facility from the measured
data is done by subtracting each bin of 2D histogram containing the data with
the equivalent normalized ambient background bin.

In this case is necessary to normalize by the acquisition time and this is
given by the number of proton events in each run. Each individual proton
event corresponds to a neutron beam event or to an external trigger event as
in the case of measuring the ambient background of the facility. In both cases,
the acquisition time of beam or no beam event is the same and dictated by the
Flash ADC system used in the data acquisition. Therefore, a normalization
by the number of events in the run and by the length in time of the considered
bin is necessary.

Figure 6.17, shows the effect that removing the ambient background has in
the data corresponding to the 233U sample measurement.

Figure 6.18 shown the difference in the energy deposition spectrum between
the original spectrum and the one without the ambient background of the
facility.

6.2.2 Removing the ambient background from the Can-
ning
The subtraction of the ambient background of the facility from the canning

measurements was done in the same way as for the the 233U sample measure-
ment. The result of the subtraction can be seen in Figure 6.19

The effect of subtracting the ambient background of the facility in the
energy deposition spectrum can be seen in Figure 6.19.
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Figure 6.17: Neutron energy spectrum of the 233U sample before (red) and
after (blue) subtracting the ambient background of the facility.
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Figure 6.18: Energy deposition spectrum of the 23*U sample before (red) and
after (blue) subtracting the ambient background of the facility.

The smoothing was done to avoid the significant statistical fluctuation in
the energy deposition spectrum. The details of the energy deposition spectrum
for the measured canning data, subtraction of the ambient background of the
facility can be seen in Figure 6.20.
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Figure 6.19: Neutron energy spectrum of the canning before (red) and after
(blue) subtracting the ambient background of the facility.
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Figure 6.20: Energy deposition spectrum of the canning before (red) and af-
ter (blue) subtracting the ambient background of the facility at two different
neutron energies: 2 and 250 eV.

6.2.3 Removing the ambient background from the Ac-
tivity

Figure 6.21 shows the neutron energy spectrum due to the sample activity .

The shape is given by the logarithm for of the time displayed in the X Axis.

This cause the time bins to be of different sizes along the range. For shorter

times, bins are shorter and the corresponding magnitude of the activity is also

smaller in comparison with longer time bins which are bigger.
The subtraction of the ambient background of the facility is shown in Fig-
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Figure 6.21: Neutron energy spectrum of the sample related activity before
(red) and after (blue) subtracting the ambient background of the facility.

ure 6.22 where the black spectrum corresponds to the measured activity data
and the red spectrum to the original data minus the ambient background of
the facility.
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Figure 6.22: Total energy deposition spectrum due to the sample related ac-
tivity before (red) and after (blue) subtracting the ambient background of the
facility.
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6.2.4 Removing the ambient background from the Car-
bon

Figure 6.23 shows the neutron energy spectrum for the carbon sample mea-
sured in TOF. The carbon sample exhibits only a scattering cross section free
of contaminations.

13
T T T T T

4.0

Counts

3.5

3.0

2.5

2.0

1.0

0.5

O_O‘u\ IR RTT| B SR ETT] B SR A R UTT] B R TET] SR RTT] B S AW AT
1 10 10 10° 10* 10° 10°
Neutron energy (eV)

Figure 6.23: Neutron energy spectrum for the carbon sample before (red) and
after (blue) subtracting the ambient background of the facility.

In Figure 6.24, the effect of subtracting the ambient background of the
facility is shown in the energy deposition spectrum for two different incident
neutron energies (2 and 250 eV).

6.3 Spectra decomposition

Using the detailed knowledge of the TAC’s response to all contributions aris-
ing from neutron interactions in the #*3U sample and neutron interactions
with structural materials shown in Figure 6.25, the decomposition of the en-
ergy deposition spectrum in individual contributions can be undertaken by
expressing it as a linear combination of the components assessed before as
shown in Eq. (6.1) where the S; is the normalized to the unit total deposited
energy shape for the ¢ — th component and S, the linear combination of all
S; which is fitted to the experimental total energy deposition spectrum for each
neutron energy bin. The coefficients «, 3,7, d, € determined from the fitting,
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Figure 6.24: Total energy deposition spectrum for the carbon sample before
(red) and after (blue) subtracting the ambient background of the facility fro
two incident neutron energies: 2 and 250 eV.

depend on the neutron energy FE, and express the number of counts for each
i — th component contributing with counts in the TAC for a given neutron
energy.
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Figure 6.25: TAC’s energy response for neutron capture, neutron induced
fission, sample related activity, neutron scattering in the ?*3U and neutron
scattering in the sample canning. All responses are normalized to the unit.
The neutron scattering in the 233U and the neutron scattering in the sample
canning are plotted for a incident neutron energy of 110 eV.
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Stotal - a(En) : Scapture + B(En) : Sfission + V(En) . Sactivity+ (6 1)
+5(En> : Scanmng<En) + €(ETL) : S233U scatte'ring(En) .

The decomposition of the total energy deposition spectrum is done perform-
ing for each time-of-flight bin, a linear fit using the five components (neutron
capture, neutron induced fission, sample activity and neutron scattering in the
canning and in the ?*3U sample) plus a sixth component for the TAC energy
response to 23*U which is an impurity of the sample. This contribution has
been obtained from a corresponding TAC measurement on 231U [123]. The fit
is performed thanks to the TLinearFitter class of the ROOT package [120],
that uses the normal equation method with Cholesky decomposition along the
full range of the energy deposition spectrum.

This decomposition method is valid for the assumptions listed in Sec. 6.1),
specially for the assumption that the TAC’s response to the v cascades from
capture and fission events are independent of neutron energy. The event selec-
tion criteria is chosen as less restrictive as possible, in order to keep a high TAC
efficiency that allow to stay almost independent of the cascade de-excitation
scheme. In the neutron energy region of interest from 1 eV to a few keV
there is neither theoretical nor experimental evidence for a variation of the
respective y-decay patterns. Although the number of nuclear levels available
for de-excitation is higher for more energetic neutrons, this is not reflected in
the sum energy peak around S, + E,, because the neutron binding energy,
S,., is of the order of several times 10° eV, whereas and the kinetic neutron
energy, E,, is less than 10* eV. Accordingly, the shape of the capture spectrum
remains fairly constant below 10 keV.

Figure 6.26 shows the total energy spectrum decomposition in the reso-
nance region around 1.76 eV. The fit (red line) of the total energy spectrum
is able to reproduce all the visible structures with high fidelity. The same can
be said for the 2.23 eV resonance (Figure 6.27) where the neutron capture and
neutron induced fission ratio approximates 1.

Figure 6.28 shows the decomposition of the total energy deposition spec-
trum in the region around the 4.65 eV resonance. This total energy deposition
spectrum at this energy, is dominated by the neutron induced fission and was
used for assessing the TAC’s response to this reaction. Important to note
that although the neutron induced fission is dominant, neutron capture is still
present and this can be see by the small bump at approximately 6.8 MeV in
the fit (red curve) and in the TAC’s response to neutron capture (dark green
line). This is a good indication that the TAC’s response to neutron induced
fission was assessed correctly and the neutron capture was well removed.
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Figure 6.26: Decomposition of the total energy deposition spectrum around
the 1.76 eV resonance. The vertical scale is counts and the horizontal scale is
Energy deposition in keV.
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Figure 6.27: Decomposition of the total energy deposition spectrum around
the 2.23 eV resonance. The vertical scale is counts and the horizontal scale is
Energy deposition in keV.

Figure 6.29, shows the decomposition of the total deposited energy spec-
trum at the neutron capture resonance at 5.1 eV in the 2**U. Once more, the
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Figure 6.28: Decomposition of the total energy deposition spectrum around
the 4.65 eV resonance. The vertical scale is counts and the horizontal scale is
Energy deposition in keV.

fit seems to reproduce very well all the structures of the total deposited energy
spectrum. The activity peak (light green line) is very well reproduced specially
if one takes in account the asymmetric shape.

The result of the fit, Sy, is shown for several neutron energy intervals by
the red curve in Figure 6.26, 6.27, 6.28 and 6.29 together with the individual
components discussed before. The respective experimental data (black) are
well reproduced. At low energy, one finds that the background components are
dominated by the radioactivity of the sample, whereas neutron scattering has
a rather small contribution. However, it is the contrary above a few hundred
eV. Note however, the large effect of the 24U contamination in the bottom
right panel due to a big capture resonance at this energy.

6.3.1 Decomposition of the total energy deposition spec-
trum

Using the CSD method we were able to discriminate between the capture and
fission components in the total energy spectrum of the TAC. In Figure 6.30
the neutron capture and fission yields obtained with the CSD method are
compared in a short energy range with the evaluated cross sections from the
ENDF/B-VII.1 library.

The results shown in Figure 6.30 validate the CSD methodology and show
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Figure 6.29: Decomposition of the total energy deposition spectrum around
the 5.09 eV resonance. The vertical scale is counts and the horizontal scale is
Energy deposition in keV.
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Figure 6.30: Comparison between the neutron capture (right) and neutron
induced fission (left) yield with the ENDF/B-VII.1 library. The normalization
is arbitrary.

the possibility of performing simultaneous nuclear measurements for neutron
capture and neutron induced fission without additional detection systems.
Moreover, the simultaneous yield assessment of neutron capture and neutron
induced fission, allows the comparison and benchmarking of the results ob-
tained for the neutron induced fission with the CSD methodology with other
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measurements done in n_"TOF for neutron induced fission using different de-
tection systems [75]. It also provides a way to track systematic uncertainties
in the CSD methodology for the assessment of the neutron capture yield.

The drawback of this method is that it depends strongly on the existence
of a fission-only resonance to obtain the detector response to fission. It can
therefore not be applied alone to all fissile nuclei but the CSD method could be
very powerful if used in conjunction with a fission tagging technique. For other
fissile nuclei a fission veto device, as for example described in [124], may still
be necessary. However, the fission veto technique requires specially prepared
thin samples with masses not higher than 300 pg/cm?. In measurements where
such thin samples are not suitable, the CSD methodology may be advisable:

e When much more mass is needed (100 to 500 mg),

e When the sample already exist and can not be manipulated like the case

here presented where the it was encapsulated in Ti and Al

Overall, the CSD methodology provides a solution for measuring the cross
sections of isotopes with fission and capture reaction channels open, without
the demanding experimental requirements of the fission veto technique and
with the added advantage of simultaneously measuring both cross sections in
identical conditions.
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Chapter 7

Monte Carlo simulations of the
experimental setup

In the previous chapters, the detection of neutron induced reactions, event
reconstructions and data analysis using the CSD method for discriminating
capture and fission events have been discussed.

In this chapter the goal is to study the detection system performance in
terms of detection efficiency and of reconstruction efficiency as function of
total energy deposition, multiplicity conditions and dead time. An accurate
calculation of the detection efficiency can be performed using Monte Carlo sim-
ulation tools. To do this, it is necessary an exhaustive study of the detection
system response in different experimental conditions. The method consists in
reproducing the data analysis results by mocking-up the experimental setup
with a Monte Carlo simulation achieving a system parameterization. This is
only possible if all the structural characteristics like material isotopic composi-
tions, exact placement of the components and source definitions are known and
implemented together with all the physical processes that may occur in the
experimental setup including realistic event generators for capture and fission
reactions.

The normalizing constants and corrections assessed this way will be used to
translate the number of detected fission or capture events for a given incident
neutron energy into a neutron energy dependent yield.

7.1 Normalization
In neutron capture yield measurements, the observable quantity is the reaction
yield, which is defined as the fraction of neutrons impinging on the sample

that undergo a neutron induced reaction. In the case of n TOF, where the
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measurements are performed using a neutron source with a broad energy, the
reaction yield Y (E,) is measured as a function of the time-of-flight which is
related with the neutron energy FE,. The Y (FE,) is a function of the total
counting rate Teount rate(En), of the detection efficiency e, of the neutron beam
intensity ¢, (F,) and of the neutron beam intersection factor N (0< N <1)
which relates the neutron intensity measured in the monitor with the amount
of neutrons impinging in the sample.

Tcount rate(En)
e-N-o,(FEy)

Where the Teount rate(Er) is the contributions of the different reactions in-
ducing signals in the detection system such as neutron capture Ceaprure(En),
neutron induced fission Clssion(Ey), neutron scattering Cleattering (En), sam-
ple related activity Cyerivity, natural background of the facility Chackground(En),
among others.

Y(E,) = (7.1)

Tcount rate(E'rL> - Ccapture(En) + Cfission<En)+
Cscattering(En) + Cactivity<En) + Cbackground(En)

In order to assess the cross section for a given reaction from the reaction
yield, its necessary to normalize it to the sample thickness. The following
equation (Eq. (7.3) is only valid if Y (£,,) << 1 (thin sample approximation))
show the relation between the reaction yield and cross section for a given
reaction (n,x):

(7.2)

}/in,x)(En) - Sthickness : O-(n@)(En) (7?))

Where Sipickness 1 the sample thickness in atoms per barn and Y (E,) is
related with the measured counting rates C(, q)(E,) by:

C(”,x)(En)
Ena) - N - On(En)

The detection efficiency € of the TAC depends on the multiplicity, deposited
energy and on the counting rate and therefore on the measured sample.

Y’(n,x) (En) -

(7.4)

7.1.1 Detection and event reconstruction efficiency

The €, ) defined generally as detection efficiency takes a more complex form
in the case of the 233U due to the need to account also for the reconstruction
efficiency of an event. This arises from the fact that the TAC has an overall
detection efficiency for detecting at least one gamma of a capture or fission
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event very close to 100%, but this doesn’t imply that all events can be recon-
structed. Also, the efficiency for detecting and reconstructing an event has a
dependency on the characteristics of the reaction such as energy deposition
and multiplicity. Therefore the 5?:;?;)“” for reaction (n,z) which accounts for
both detection and event reconstruction efficiency, is defined in the following
form:

6€z’e£)all — 6z(isf§§tion . 6«(3;};;1)15 reconstruction (75)
Important to note that z—:flgt;;”‘m is a function of the detection system char-

acteristics while the (%Y reconstruction depends on the data analysis conditions

such as multiplicity, energy deposition and single gamma thresholds.

In this chapter, a detailed description of the Monte Carlo studies performed
using the GEANT4 toolkit [125, 126] to assess the overall efficiency 2" due
to the experimental setup and data analysis conditions is done. An estimation
of the dead time correction is also performed. The implemented geometry,
isotopic constitution of the structural materials and the implementation of
different sources are reported. The results obtained with the Monte Carlo
simulation program are compared and validated against the experimental data.

7.2 Implemented TAC’s geometry

The implemented TAC geometry follows the Computer-Aided Design (CAD)
drawings of the engineering design with high fidelity. The simulated geometry
includes the 40 BaF, crystals with their corresponding °B enriched carbon
fiber capsules, the photomultiplier tubes with their aluminum housings, the
aluminum beam pipes with the sample holder, the %Li enriched neutron mod-
erator/absorber and the aluminum honey-comb structure that holds the com-
plete assembly as shown in Figure 7.1. More details can be found in [103, 123]

Figure 7.1 (right) shows the geometry but without the total number of
detection modules to facilitate the understanding of the detection system and
the placement of the components.

7.3 Simulation of the sample related activity
in the TAC

In any Monte Carlo simulation code, besides the exact description of the ge-
ometry, of the materials and of particle transport physics, the accurate source
description is mandatory. The following discussion will focus in the source
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Figure 7.1: TAC’s geometry implemented on GEANT4 (left) and simplified
geometry of the TAC (right) showing one hexagonal and one pentagonal de-
tector, the neutron absorber, beam pipe, honey comb support structure and
sample. The green lines (right) represent the emitted gammas of a capture
event.

recreating the gamma arising from the sample related activity. The imple-
mentation of the gamma emission due to neutron capture and fission events
and will be discussed in the following sections.

As shown in the previous chapter, a byproduct of the CSD method used for
decomposing the TAC’s total energy deposition spectrum, is the recovery of
all reaction rates involved in the measurement and therefore, the activity rate
is also recovered. One would expect that the activity rate would be constant
in time but as will be shown in Section 7.4, this is not the case and it is related
with the dead time. A correct reproduction of the sample related activity with
simulation tools permits to perform a direct comparison between the dead time
observed experimentally and the one simulated leading to a parameterization
of the correction assessed.

The sample related activity event generator was implemented with the
following features.

e Creates a branching matrix for the possible excited levels using the pa-
rameterization given as input.

e The transition to a new level is sorted randomly according to the branch-
ing ratio matrix.

e The process is repeated until the ground state energy is reached.

The input parameterization was retrieved from [122] where the decay level
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scheme and branching ratios for the 2°8T1 is detailed.

The results obtained using the sample related activity event generator and
the TAC’s simulation code are compared with the experimental data in Fig-
ure 7.2. The agreement between the energy deposition spectra is good above
the 2 MeV region. Below this region, a contribution from a component that is
not included in the simulation code is present in the experimental data. This
contribution may be related with the long decay path of the 232Th until the
208 which is not considered here.

£50001 SR - ‘ ]
2 r Experimental data ]
O , . . ]

L Simulation 7
4000~ -
3000 —
2000 —
1000 =

oL T S R R

0 1000 2000 3000 4000 5000

Energy deposition (keV)

Figure 7.2: Experimental and simulation comparison of the energy deposition
for sample related activity events.

The multiplicity distributions for the experimental data and simulation are
shown in Figure 7.3 and display a reasonable agreement.

The TAC’s event detection and event reconstruction efficiencies for sample
related activity are displayed in Table 7.1

Table 7.1: Sample related activity event detection and event reconstruction
efficiency results.

. Reconstruction
: . Reconstruction .
Detection efficiency officienc efficiency above 2
Y MeV
99.2% \ 82.1% \ 60.%
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Figure 7.3: Experimental and simulation comparison of the multiplicity dis-
tributions for sample related activity events.

7.4 Dead time and pile up effects and correc-
tions

The dead time is by definition the minimum amount of time between two
consecutive signals that a detection system is able to detect separately. In
some cases the limitation can be set by physics processes in the detector itself
and in other cases by the associated electronics.

In the particular case of n_ TOF the detector output is sent directly to a
Flash ADC avoiding any hardware dead time.

The dead time is then directly related with the time constant of the slow
decay (620 ns) component in the detector and the limitations of the pulse shape
routine in detecting the overlapping of two or more signals. This limitation
was narrowed to the special cases where two signals arrive very close in time
or a signal is followed by a small amplitude signal overlapping the first signal.

Also, in ideal conditions the detector (scintillator crystal plus photomulti-
plier) would give a perfect signal without fluctuations. In real conditions, the
fluctuations in the output signal exist and mask sometimes the existence of a
second smaller signal overlapping, causing a wrong assessment of the physical
quantities. The pulse shape analysis, returns then the sum of the deposited
charge by the two signals in one single signal leading to wrong multiplicity
assessment. Also, this leads directly to the loss of a signal and overestimation
of the energy deposition of the first signal.

Characterizing the behavior of the system regarding dead time is difficult
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as the system is somehow nonparalyzable regarding the signal detection but
without the loss of charge deposited. This is even more complex as it has a
strong dependence with magnitude of the signals involved.

No direct correction is available and direct measurement of the effect is also
difficult.

A possible solution is a complete simulation together with the pulse shape
routine which would consider the generation of adequate gamma spectra to-
gether with simulating real pulses for testing the pulse shape routine.

As a first approach, a trial to measure the dead time affecting the constant
sample activity was done.

The sample activity can be considered constant in the time interval that
separates the fast neutrons from the thermal neutrons arriving at the experi-
mental area (16 ms).

Any variation in the activity during this period has to do with dead time
and the can be related with the variation of the count rate.

Figure 7.4 shows how the activity count rate varies with time. Looking at
Figure 7.5 one can see the sharp increase of the count rate for times smaller
than 0.1 ms that affects strongly the activity measured in Figure 7.4.
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Figure 7.4: Dead time effect on the sample activity. The activity shown (blue)
corresponds to the sample activity obtained during the measurement with
neutron beam. The nominal activity of the sample (red) is assessed in regions
(yellow) where the count rate is below 0.2 MHz and the dead time is negligible.

Figure 7.4 red line consist of a experimental determination of the nomi-
nal activity of the sample by assuming that for low overall count rates(>100

counts/s), the dead time will go to zero and the activity measured will depend
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uniquely on detection efficiency. The yellow area corresponds to the bins used
to assess the nominal sample related activity while the blue line correspond to
the sample related activity measured.

The difference between the measured and the nominal sample related ac-
tivity gives us the dead time correlation with the count rate.
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Figure 7.5: Count rate measured for the 233U sample.

Figure 7.6 shows the comparison between experimental data for dead time
affecting the sample activity and a simulation for the dead time where we as-
sumed the count rate was due to the fission events only. This assumption is
not a exact reproduction of the real conditions but is a good starting approxi-
mation as the fission cross section is a factor ~10 compared with capture and
the average multiplicity is higher also. The results show a good agreement
taking in account the simplified model used.

The dead time correction factor to be applied to the neutron capture and
neutron induced fission components has a dependency on the selection criteria
applied in the data analysis (multiplicity >1 and total energy deposition >2
MeV) and will be significantly smaller up to a factor 2 or 3 than the one
here shown, due to the multiplicity and total energy deposition these two
components being higher and broader respectively than the ones associated
with the sample related activity.
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Figure 7.6: Comparison between experimentally assessed dead time correction
factor (dots fitted with red line) and simulated (blue line) data.

7.5 Simulation of the capture events on the
TAC

The model used in this work for the generation of realistic capture cascades
was previously reported in [127, 128] and applied specifically to the TAC mea-
surements in [129]. The model considers two different excitation energy ranges
(Figure 7.7):

e The lower energy range where (F < E.,) corresponds to the region of
known levels (energy, spin and parity) with known transition probabili-
ties. This information is retrieved from the Evaluated Nuclear Structure
Data Files (ENSDF) [122] and allows one to calculate the low energy part
of the branching ratio matrix. The electron conversion process is mod-
eled for the K, L and M-shells from the tabulated values of fluorescence
yields and internal conversion coefficients available in the literature.

e At higher energies (E > FE.,) the levels and transitions probabilities
between levels are calculated using a statistical model. The individual
levels are created by sampling the level density distribution given by
the Back Shifted Fermi Gas (BSFG) model [130], and the transition
probabilities between levels are calculated only for E1 (electric dipole),
M1 (magnetic dipole) and E2 (electric quadrupole) transitions from the
associated PSF [131].

Starting from the capture level, the algorithm for generating a cascade
includes the following features:
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Figure 7.7: Nuclear level scheme used in the neutron capture cascade gener-
ator model. The low energy range is known experimentally, while the upper
energy range is described from nuclear level density statistical models and
parameterized EM (electric and magnetic) transition probabilities.

1. The branching ratio matrix for E1, M1 and E2 transitions is calculated
from the known capture level to all levels below using the parameterized
PSF.

2. The transition to a new level is sorted randomly according to the branch-
ing ratio matrix.

3. If the new level is in the statistical energy range, a new branching ratio
matrix is computed. Otherwise the experimental branching ratio matrix
is used.

4. The loop returns to step 2 until the ground (or a metastable) state is
reached.

The correctness of the model parameters is validated by the comparison
of the simulation and the experimental data. The experimental information
for low energy (E, < 1 MeV) and high energy transitions (> 10 MeV) comes
from decay and photo-absorption experiments, respectively. In the case of
intermediate energy transitions, governing the de-excitation of the compound
nucleus from the capture state, the information is very scarce and only the
Oslo method and the double step cascade method provide some experimental
information [132]. For this reason, the PSF available in the literature are only
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a good starting point for the simulation of capture cascades but need to be
adjusted in order to reproduce the experimental data. The (n,y) measurement

with the TAC have been shown to be a sensitive way for performing systematic
PSF studies [129, 103].

7.5.1 Reproducing the ?*3U neutron capture cascade:
Case 1

The neutron capture generator for the specific case of the ?*3U(n, ) measure-
ment uses the following information as input:

e At low energies and up to 2 MeV, the nuclear levels and transition prob-
abilities found in the ENSDF data base [122];

e At higher excitation energies, the Back Shifted Fermi Gas model for the
calculation of the level density with the parameters recommended in the
RIPL-2 database [133], and the PSF for the calculation of the transition
probabilities with the parameterization of Kopecky et al. [131].

The recommended PSF (see Table 7.2) is described by two standard Lorentzian
distributions for E1 transitions and single particle distributions for M1 and E2
transitions.

Table 7.2: Recommended (Case 1) parameterization for the PSF of ?*U neu-
tron capture generator.

| El, | El, | Ml | E2
E (MeV) || 11.13 | 13.94
T 2.26 | 4.46
oo (mb) [ 371 | 401
Kstrength 2:107° | 5:107

A first simulation was performed with the initial PSF and assuming a con-
stant counting rate of 0.7 counts/us, which corresponds to the experimental
counting rate registered at the 2.3 eV resonance. Figure 7.8 shows the dis-
tributions of energy deposition and Figure 7.9, the multiplicity distribution
resulting from the simulation and compared with the experimental data.

In Figure 7.8 where both experimental data and simulation spectra for
the total energy deposition spectrum at the 2.3 eV resonance for events with
multiplicity >1 are superimposed, one can see a clear disagreement between
spectra. Is also clear that the expected structures of the TAC’s response to
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Figure 7.8: Comparison between experimental data and simulation for the

neutron capture total energy deposition spectrum at the 2.3 eV resonance for
events with multiplicity >1 (Case 1).

capture events are present in the simulation but do not reproduce the assessed
experimental data.

As expected, the disagreement is also present in the multiplicity distribu-
tion spectrum (shown in Figure 7.9) where multiplicities 2, 6 and higher are
favored in the simulation in respect to the experimental data, whereas multi-
plicities 3 and 4 seem underestimated.

In Figure 7.10 where the single gamma spectrum is displayed, a step in
the spectrum is visible around 5 MeV. The physical meaning of this would
imply some strange behavior in transition between levels with energies around
5 MeV. A smooth behavior is far more reasonable taking in consideration the
level densities.

A possible reason for the disagreement seen in the reproduction of the
energy deposition spectrum and multiplicity distribution spectrum can be a
mis-assignment of the type of transition during measurement performed. To
investigate this possibility, we tried two additional cases where we assign the
recommended parameters to different types of transitions.

7.5.2 Reproducing the ?*3U neutron capture cascade:
Case 2

In order to cope with the identified disagreement between simulated and exper-
imental data, which may be attributed to a wrong assignment of a transition
type, the recommended PSF where changed in the following way: The E1 tran-
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neutron capture multiplicity distribution spectrum at the 2.3 eV resonance
(Case 1).
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Figure 7.10: Single gamma spectrum for neutron capture events generated with
the “captugens” software using the recommended (Case 1) PSF parameters for

233 U

sitions are now described using only one standard Lorentzian distribution, the
M1 transitions are described using the a standard Lorentzian distribution and
the single particle model was used for E2 transitions. The parameterization
used for E1, M1 and E2 can be found in Table 7.3.

The disagreement between the simulation (using the modified PSF) and the
experimental data is considerable as observed in Figure 7.11 and no improve-
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Table 7.3: Parameterization for the PSF of 23U neutron capture generator
(case 2).

| E1 | M1 | E2

E (MeV) [ 11.13 | 13.94
r 2.26 | 4.46
oo (mb) || 371 | 401
kstrength 5 10_11

ment can be pointed when comparing with the results found in Figure 7.8.
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Figure 7.11: Comparison between experimental data and simulation (Case 2)
for the energy deposition spectrum at the 2.3 eV resonance.

Looking at the multiplicity distributions spectrum shown in Figure 7.12, its
possible to see that some multiplicities are favored and other underestimated
just like in the case of the recommended PSF parameterization and overall, no
improvement is registered.

In Figure 7.13 where the single gamma spectrum generated with the modi-
fied set of parameters is shown, its possible to see that the step around 5 MeV
has been mitigated (when compared with Figure 7.10) but is still present.

The results shown in Figures 7.11, 7.12 and 7.13 leads to the conclusion that
the modified set of parameter proposed in Table 7.3 is incorrect and doesn’t
correspond to an improved description of the capture deexcitation cascade.
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Figure 7.13: Single gamma spectrum for neutron capture events generated
with the “captugens” software using the Case 2 PSF parameters for 233U

7.5.3 Reproducing the ?*3U neutron capture cascade:
Case 3

In this third attempt to reproduce the experimental data with simulations, the
recommended PSF where changed in the following way: The E1 transitions
are described using one standard Lorentzian distribution, the M1 transitions
with a single particle model and E2 transitions were described using a standard
Lorentzian distribution. The parameterization for E1,M1 and E2 can be found
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in Table 7.4.

Table 7.4: Parameterization for the PSF of 233U neutron capture generator
(case 3).

| E1 | M1 | E2

E (MeV) |[ 11.13 13.94
r 2.26 4.46

oo (mb) || 371 401

kstrength 2'10_8

The results obtained with the simulation for the energy deposition spectrum
in the 2.3 eV resonance using the set of parameters displayed in Table 7.4
can be seen in Figure 7.14 where they are compared with the experimental
data. When compared with the results shown in Figure 7.8, it is possible to
note a better reproduction of the experimental data but still far from a good
agreement.
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Figure 7.14: Comparison between experimental data and simulation (Case 3)
for the energy deposition spectrum at the 2.3 eV resonance.

The multiplicity distribution spectrum shown in Figure 7.15 shows that
events with higher multiplicities (7 and above) are more present and the events
with multiplicities 3 and 4 are underestimated.

The single gamma spectrum shown in Figure 7.16 displays a smooth tran-
sition between all levels.
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Figure 7.16: Single gamma spectrum for neutron capture events generated
with the “captugens” software using the Case 3 PSF parameters for 233U

7.5.4 Reproducing the ?*3U neutron capture cascade:
Results overview

In the particular case of neutron capture in 233U, information about the known
nuclear levels, level densities and electromagnetic intensities are available from
nuclear data bases. The use of recommended set of parameters has shown poor
agreement with experimental data, leading to the need of tweak and fine-tune
the parameters to achieve reasonable agreement, as described in other works

169



[134] and [123].
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Figure 7.17: Results using different parameterizations for the gamma strength
function used in the generation and simulation of the capture events. From
left to right, single gamma spectrum and total energy spectrum for each event.

In Figure 7.17 right panels, the effect of the internal conversion is clearly
seen in the total energy spectrum where some events show a loss up to almost
2 MeV in respect to the binding energy.

Overall, the results (Figures 7.9, 7.12 and 7.15) suggest that the theory
(initial PSF) overestimates the multiplicity of the capture cascades and under-
estimates the intensity of primary high energy transitions.

The capture event detection and capture event reconstruction efficiencies
are displayed in Table 7.5. The capture event detection efficiency is the TAC’s
efficiency for detecting at least one of the gammas emitted during a capture
event and as displayed in Table 7.5 is very close to 100%.

The capture event reconstruction efficiency is the TAC’s efficiency for de-
tecting enough gammas rays from one capture event that combined with
the analysis conditions such as event multiplicity higher than one and sin-
gle gamma energy higher than 150 keV, permit the identification of the event
as capture. In addition, this efficiency is also calculated for energy deposition
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higher than 2 MeV to avoid the contribution of components that seem not
accounted and reproduced with the simulation code.

Table 7.5: Capture event detection and event reconstruction efficiency results
for the tree parameterizations studied.

. Reconstruction | Reconstruction
. Detection } .

Parameterization officienc efficiency efficiency above
Y (M>1) 2 MeV (M>1)

Test case 1 99.7% 95.2% 88.6%

(recommended)
Test case 2 99.5% 93.6% 86.0%
Test case 3 99.6% 94.8% 88.6%

7.6 Simulation of the fission events on the TAC

Due to the fact that both capture and fission reaction channels are opened in
the case of the 233U, and both reactions emit gamma radiation that is detected
in the TAC, a full simulation of the detection system must accommodate also a
simulation of the fission events. To do so, an algorithm to generate the gammas
emitted by fission events with adequate multiplicity and gamma energy was
developed.

7.6.1 Implementation of a gamma generator for fission
events

The implemented event generator for the neutron induced fission in 233U, fol-
lowed closely the work presented in [135]. In this work, a simple and direct
way to generate the gamma emission spectrum for fission is proposed, based on
a negative binomial distribution capable or reproducing the gamma multiplic-
ity spectrum, which is parameterized based in the average number of emitted
gammas and distribution width.

The gamma energy is derived from the multiplicity of each event and aver-
age gamma energy. Important to note that the proposed fission deexcitation
models for reproducing the gamma energy, multiplicity and total energy are
based in data dating back to 1973 for 233U and older in some other cases
[144, 135, 140, 136] and no other measurement has been performed for valida-
tion or improvement (see Table 7.6) of those data.
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Table 7.6: Measured properties of gamma rays from fission [135].

Total energy | Average Average
Isotope (MeV) number | energy (MeV) Reference
MU | 6.69£0.3 [ 6.31£0.3 | 1.06£0.07 | Pleasonton (1973) [136]
23577 6.43+0.3 | 6.510.3 | 0.9940.09 Pleasontoﬁ;;]al‘ (1972)
6.70+0.4 | 6.69+0.3 | 0.97+0.05 VerbmSkl[f;S?l' (1973)
Pelle and Maienschein
7.940.3 | 7.4540.32| 0.96+0.05 (1971) [139]
65302 | 6.60£0.2 | 0.97+0.04 Average
9Py | 6.73+0.35 | 6.88+0.35] 0.98+0.07 Pleasonton (1973) [136]
6.8200.3 | 7.2340.3 |  0.9440.05 VerbmSkl[le;STl' (1973)
6.7840.2 7.0640.2 0.95+0.04 Average
220 | 7.0640.35 | 8.32404 | 0.850.06 Pleasontor[llzg]al‘ (1972)
6.8440.3 | 7.804+0.3 | 0.8840.04 Verbms}“ﬁ%%fl‘ (1973)
Bowman and Thompson
8.6 10 0.9040.06 (1958)[141]
6.7£0.4 n. a. n. a. Nardi et al. (1969) [142]
1 a. 75415 | 0.96:0.08 Val'skii [ef& (1969)
6.95+0.2 | 7.9840.2 | 0.8740.03 Average

The author in [135] stresses that the methods are only approximate at best
and should only be used for sensitivity studies. Measurements of the multi-
plicity distribution of prompt gamma rays from fission should be performed to
determine the adequacy of the models proposed in this article.

The recommended values for the fission parameterization in 23U are:

e 6.69 £ 0.3 MeV for average emitted energy.
e 6.31 + 0.3 for the average number of emitted gammas.
e 1.07 for the width for negative binomial distribution.

Figure 7.18 shows in red the experimental derived energy deposition spec-
trum due to fission and in black the simulated energy deposition spectrum due
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to fission.

Despite normalization factors, the shape of the simulated spectrum seams
to follow quite well the experimental data, except for energies below 2 MeV
where some peaks are present in the experimental spectrum. These peaks
seam to contaminate the resonant data and appear indistinctly on fission and
capture energy deposition spectra as can be seen in Figure 7.14 below 2 MeV.
The origin of these peak may be related with the delay gamma emission.
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Figure 7.18: Comparison between simulated (black) and measured (red) total
energy deposition for fission.

Although the shape above 2 MeV seems to agree in terms of slope, one
can see that the distribution width isn’t in agreement with the experimental
distribution. The recommended values which are based in measurements for
252(Cf and 23°U, gave consistent results pointing to a width of 1.07 but in the
case of the data taken with n_ TOF, a higher value seems more appropriated.

The consistency between the two measurements suggests that the relative
width of the distribution of the number of prompt fission gamma rays may
be independent of the fission process. However, the consistency between the
two measurements may also result because the measurements were performed
using the same experimental method with the same basic assumptions [135].
Moreover, variations on the width of the measured distribution may occur
most likely due to artifacts in the detection system.

Taking these facts in account the parameterization of the fission event
generator was fine tuned to reproduce the experimental data and is detailed
in Table 7.7.

The results obtained with the simulation using the new parameterization
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Table 7.7: Parameterization for the 233U fission event generator.

Multiplicity Total gamma Gamma width
energy
6.69 + 0.3
Recommended 6.31 £ 0.3 (MeV) 1.07
After 7.21 9.49 1.12
fine-tuning

can be seen in Figure 7.19.
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Figure 7.19: Comparison between the simulated energy deposition spectrum
for fission with experimental data using a new parameterization for the fission
event generator.

A good agreement between experimental data and simulation can be ob-
served for energies above 2 MeV. Below this energy there is clearly a component
in the fission spectra that is not considered in the simulation. This component
may be related with delayed emission from fission fragments and it seems to
affect also the experimental capture spectra (Figure 7.14 below 2 MeV). To
avoid the contributions from this component, the efficiency will be determi-
nation based on data above 2 MeV, where simulation and experiment agree.
Moreover, below this energy the CSD method may not be reliable because of
the many components interfering in this region such as sample and room ac-
tivity, capture events, fission events, in beam gamma scattering, TAC overall
neutron sensitivity, among others. In Figure 7.20, where the experimental data
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and simulation multiplicity distributions for fission events are plotted together,
a good agreement can be observed. for multiplicities higher than 4.
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Figure 7.20: Comparison of experimental (black) and simulated (red) multi-
plicity distributions for fission events.

The assessed event detection and event reconstruction efficiencies are shown
in Table 7.8.

Table 7.8: Fission event detection and event reconstruction efficiency results.

. Reconstruction
: . Reconstruction .
Detection efficiency efficiency (M>1) efficiency above 2
Y MeV (M>1)
98.6% \ 93.% | 82.4%
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Chapter 8

Results

In this chapter, reaction yields Y7, . (E,) obtained from the data analysis
performed on the 233U data using the CSD will be discussed. The 233U neu-
tron capture and neutron induced fission yields are assessed using the nor-
malization constants obtained in Chapter 7, due to data analysis conditions
and event detection efficiency and are compared with the data available in the
ENDF/B-VII.1 library. The uncertainties relative to the ?*3U neutron capture
and neutron induced yields will also be discussed.

As introduced in Chapter 7, the relation between counting rates obtained
with the data analysis and reaction rates that are used to assess the cross
sections, implies the accurate knowledge of the neutron beam intensity and
neutron beam intersection factor. The neutron beam intensity has been dis-
cussed in Section 4.1.2.3 together withe facility characteristics. The neutron
beam intersection factor will be discussed in the following section.

8.1 Neutron beam intersection factor

The neutron beam intersection with the sample is a function of the sample
cross section area, beam collimation and neutron energy. The beam collimation
system installed along the beam line (see Section 4.1.4.1) dictates the neutron
beam spatial profile.

The neutron beam profile or resulting spatial distribution of the neutrons in
the beam has been measured with a stripped Micromegas detector [145]. The
measurements were performed with the strip electrodes of the Micromegas
rotated at different angles (0°, 30°, and 90°) in order to determine the two
dimensional beam profile, which is shown in Figure 8.1 in the energy range
between 10 eV and 100 eV.

The neutron beam was found to have an approximate Gaussian shape with
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Figure 8.1: Neutron beam spacial profile obtained with the Micromegas detec-
tor ([145]).

a width of 0=0.77 c¢m, which varies slowly with neutron energy. The detailed
beam profile and an analytical function for its description are given in [145].
In addition to the measurement with the Micromegas, a complete Monte Carlo
simulation of the production and moderation of the neutrons and their trans-
port trough the beam line was performed using the Monte Carlo simulation
program FLUKA [146]. The results obtained for the neutron beam intersection
factor “N” with the sample (N = 0.1979) were validated by comparison with
the measurements [145]. It was also established that the sample position has
an uncertainty of 0.5 mm. The contribution of this uncertainty in the position
will be discussed in Section 8.4.1.

Figure 8.2 shows the simulated results for the beam profile as a function of
neutron energy.
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Figure 8.2: Neutron beam profile as function of the neutron energy at 184.6
meters. Vertical (left) and horizontal (right) projections of the beam profile.

8.2 Discussion of the ?**U neutron induced fis-
sion yield measured at n TOF

Using the counting for a given reaction assessed with the CSD method to
decompose the total energy deposition spectrum, the beam intersection factor,
the event reconstruction efficiency and the neutron beam flux, we obtained
the dead time correction and the reaction yield using Eq. (7.4). The neutron
induced fission yield assessment for the 233U is compared with the data from
the ENDF/B-VIL1 library and as can be seen in Figure 8.3 there is a good
agreement between n_TOF experimental data and evaluation is present in the
energy range between 1 and 10 eV both in linear and logarithm vertical scales.

The agreement in normalization and shape, validates the CSD method to
decompose the total energy deposition spectrum and discriminate between
competing reactions and also the Monte Carlo study performed to understand
the TAC’s response to the prompt gamma radiation emitted in fission events.

Figure 8.4 shows the n_TOF neutron induced fission yield measured for the
23U compared with the data from the ENDF /B-VII.1 library in the incident
neutron energy range between 1 eV and 1 keV. The is a good agreement over
the whole range.

In Figure 8.5 and 8.6 the 233U fission yield is compared with the ENDF /B-
VII.1 library in the specific ranges of 10 to 100 eV and 100 eV to 1 keV in
both linear and logarithm vertical scale and a good reproduction of the shape
is visible. The normalization is also in good agreement.

Above the resolved resonance region (which extends until 600 eV), the
data taken in n_ TOF shows a number of structures which in the resonance
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Figure 8.3: Comparison of the *3U neutron induced fission yield measured at
n_TOF (black) and the ENDF/B-VIL.1 library (red) between 1 and 10 eV.

analysis parameter may not be possible to discriminate due to the great overlap
between resonances. The average yield of the ENDF/B-VIIL.1 library is in good
agreement with the structures trend in the n_ TOF yield.
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Figure 8.4: Comparison between the 23U neutron induced fission yield mea-
sured at n_ TOF (black) and the ENDF/B-VII.1 library (red) between 1 eV
and 1 keV.

8.3 Discussion of the U neutron capture yield
measured at n TOF

The neutron capture yield has been measured in the same way as the neutron
induced fission yield and the only difference lies in the event generator used
in the Monte Carlo study to reproduce the neutron capture events used in
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Figure 8.5: Comparison between the 23U neutron induced fission yield mea-
sured at n_TOF (black) and the ENDF/B-VII.1 (red) library between 10 and
100 eV.

the event reconstruction efficiency determination. As mentioned in Chapter 7,
discrepancies were observed in the comparison between the simulation and
experimental energy deposition spectrum in either tried cases.

the agreement between the simulation and the experimental energy de-
position spectrum for capture events was not the best in either tried cases.
Although the simulations seem to point out that overall, the event reconstruc-
tion efficiency does not change dramatically with the parameterizations used,
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Figure 8.6: Comparison between the 23U neutron induced fission yield mea-
sured at n_TOF (black) and the ENDF/B-VIL.1 (red) library between 100 eV
and 1 keV.

one must consider the uncertainty for this parameter.

Considering the other aspects of the analysis and quantities used in the
yield assessment, they are the same used for assessing the neutron induced
fission yield and produced a good agreement with ENDF /B-VII.1 library.

Looking at Figure 8.7 where the neutron capture yield measured at n " TOF
between 1 and 10 eV is compared with the ENDF/B-VII.1 library, a disagree-
ment of 30% in the normalization is present. The value obtained for both
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neutron capture and neutron induced fission event reconstruction efficiency is
very close and this is compatible with the fact that both types of events have
similar average multiplicity and energy deposition values.
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Figure 8.7: Comparison between the ?*3U neutron capture yield measured at
n_TOF (black) and the ENDF/B-VII.1 (red) library between 1 and 10 eV using
the assessed normalization factor.

Figure 8.8 shows the neutron capture yield between 1 and 10 eV normalized
to the ENDF /B-VII.1 library. The normalization was obtained for the integral
of capture yield from the ENDF/B-VII.1 library in the energy range between
1 and 10 eV. A good agreement between yield shapes is visible which validates

184



the CSD method used.

0.08
0.06
0.04

0.02

10
Neutron energy (eV)

10!

Yield

S

10

I '. h 1

".. M‘
l

\ Rl

Figure 8.8: Comparison between the *3U neutron capture yield measured at

n_TOF (black) and the ENDF/B-VII.1 (red) library between 1 and 10 eV using
an arbitrary normalization factor.

Neutron energy (eV)

The agreement is observed over all the incident neutron energy range dis-
played in both Figure 8.9 and 8.10 except beyond the resolved resonance region
which ends at 600 eV. In the unresolved resonance region, the ENDF /B-VII.1
library is above the yield measured at n ' TOF and further investigation is nec-
essary to fully understand the causes.
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Figure 8.9: Comparison between the 233U neutron capture yield measured at
n_TOF (black) and the ENDF/B-VIL.1 (red) library between 10 and 100 eV
using an arbitrary normalization factor.

The data plotted in Figures 8.9 and 8.10 has bigger bin widths in respect
to Figure 8.8 to compensate the inferior statistics.
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Figure 8.10: Comparison between the 233U neutron capture yield measured at
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8.4 Uncertainties in the results

The experimental uncertainties associated to the measurement reported here
are exceedingly difficult to evaluated. Uncertainties can be attributed to
(i) statistics, (ii) normalization, (iii) correction factors and (iv) sample re-
lated. Efforts have been made in order to make the best estimation of these
uncertainties but the estimation of the uncertainty associated with the de-
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composition of the total deposited energy spectrum depends not only in the
statistics of the spectrum but also in the assessed shapes to describe each com-
ponents contributing with counts in the detection system. The assessment was
done by a sensitivity study to the shapes used for the TAC’s response.

_ 2 2
Urotal = (UBeam intersection factor + UFluxe shape+

2 (8.1)

2 2
UData analysis and simulations + USample mass

The uncertainty “Uryq;” in the yield is related with the following compo-
nents:

e Statistical uncertainty in the raw data.

e Determination of the TAC total energy deposition response to neutron
capture and fission events.

e The method used to perform the decomposition of the total energy de-
position spectrum.

e Event reconstruction efficiency for neutron capture and fission.

e Normalization factors such as beam intersection factor, sample mass and
flux characteristics.

While the last components (beam intersection factor, sample mass and flux
characteristics) can be determined separately, the remaining components are
very difficult to isolate and propagate trough the whole data analysis process
specially when using such a complex methodology as is the case with the CSD.

8.4.1 Uncertainty in the beam intersection factor

Using the sample holders detailed in Section 5.6 to place the sample in the
center of the beam, it can be assumed that the maximum misalignment of the
sample’s positioning in the TAC is below 1 mm. Such a displacement would
affect the fraction of the beam intercepted by the sample, which has been
calculated from the information on the beam profile. Figure 8.11 shows the
beam profile in a 2D histogram with the sample positioned in the center. For
a maximum misalignment of 0.5 mm, the uncertainty in the fraction of the
beam intercepted by the sample is 1% [134]. The uncertainty in the sample
diameter is also considered here.

8.4.2 Uncertainty in the sample mass

The uncertainty in the sample mass is given by the sample certificate and no
other direct measurement has been performed to validate the 5% uncertainty
mentioned.
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Figure 8.11: Calculation of the beam interception factor with the sample using
the beam profile information [134].

8.4.3 Uncertainty in the flux shape and absolute value

The flux uncertainty has two components, one being the flux energy spectrum
shape and the other the absolute value. The first is related with the spallation
and moderation processes which yield the characteristic shape with the mod-
eration (25 meV) and evaporation (1 MeV) peaks and the almost flat region
within the peaks. The second one is related with the neutron to proton pro-
duction ratio and distance from the neutron source to the experimental area.
An extensive and comprehensive study has been performed using different de-
tection systems and analyzing different neutron energy ranges and resonances
at different neutron energies [92].

The uncertainty associated with the flux shape and absolute value have
been assessed accordingly to the experimental conditions used for the 233U
capture cross section measurement with the TAC using a set of two detections
systems, detailed in Section 4.1.2.3.

The overall uncertainty for the flux shape and absolute value assessed is

2%.
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8.4.4 Uncertainty in the detection efficiency

Considering the neutron capture deexcitation cascade simulation and the 3
studied cases, the fact that different parameterizations yield equivalent de-
scriptions of the neutron capture events, gives us the possibility of using this
information to estimate the uncertainty. The uncertainty due to the different
parameterizations in the assessed neutron capture event reconstruction effi-
ciency is below 3% corresponding to the biggest variation between simulated
cases.

In the case of the simulations performed for the fission event reconstruction
efficiency, the parameterization that yielded a good description of the fission
events was unique and therefore, the uncertainty based in the systematic vari-
ation of the parameters was not assessed. In order to cope with possible
uncertainties in the fission event reconstruction efficiency, a 3% uncertainty
was considered based on a conservative approach and on the results obtained
for the neutron capture event reconstruction efficiency.

8.4.5 Systematic uncertainty in the data analysis

The determination of the uncertainties related with the data analysis using
the CSD method is a complex task and due to the decomposition of the total
energy deposition spectrum using a linear fit of the previously assessed TAC
responses to neutron capture and fission, the correlation of the uncertainties
increases and a statistical uncertainty loses meaning.

To address the propagation of possible correlated uncertainties as expected
for instances with TAC response to neutron capture which is assess based
on the knowledge of the TAC response to fission, a systematic analysis of the
uncertainties was performed. The analysis aims at determining the uncertainty
in the yield due to:

e the TAC response to neutron capture and fission
e and to the decomposition process of the total energy deposition spec-
trum.

The uncertainties related with the TAC response to neutron capture and
fission were addressed performing a series of yields calculations with differ-
ent but compatible sets of TAC total energy deposition responses shown in
Figure 8.12. The mathematical representation is assessed by fitting the ex-
perimental spectrum of the total energy deposition due to neutron capture
or neutron induced fission events with a predefined function. This procedure
limits the ability to reproduce the fine structures of the experimental spec-
trum. On the contrary, the use of the experimentally assessed total energy
deposition spectrum (histogram representation) either for neutron capture or
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neutron induced fission yields a very precise description of the fine structures
such as the binding energy peak.
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Figure 8.12: Different assessed TAC responses to fission and capture. Mathe-
matical parameterization of the TAC response to fission (top left) and capture
(top right). Histogram representation of the TAC response to fission (bottom
left) and capture (bottom right).

To understand the effectiveness of the methodology used and the robustness
of the developed algorithm and its sensitivity to the inputed TAC responses,
different methods to perform the decomposition of the total energy deposition
spectrum were studied and the uncertainties related with each method were
assessed. The two methods studied consist in the following ways to perform
the decomposition:

e one consisting in a two step process where the fission contribution is
assess and removed from the total energy deposition spectrum in a first
step followed by a second step where all other components are assessed.
This poses several advantages such as: (i) the fission is easily assessed
(ii) and removing one contribution from the total energy deposition spec-
trum helps in the assessment of the remaining contributions,
Nevertheless it has several disadvantages such as: (i) the fission contri-
bution assessment is performed based on the fit of a reduced portion of
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the total energy deposition spectrum where its assumed that the only
reaction contributing is fission. (ii) consequently, a small uncertainty in
the fission contribution assessed in the first step will translate itself into
the second step and in the case of the capture which is several times
smaller in magnitude, this factor will appear multiplied.

e The second method consists of performing the decomposition of the total
energy deposition spectrum in one single step. This method increase the
complexity of the process but has advantages such as: (i) the freedom of
the fitting algorithm to adjust all TAC responses at the same time and
fully reproduce the experimental spectrum (ii) and therefore a smaller
probability of propagating uncertainties from one contribution to the
others.

Due to the fact that the methodology to perform the decomposition of
the total energy spectrum depends directly on the assessed TAC response to
the different reactions, the systematic uncertainty analysis has been performed
together for this two factors and will be detailed in the next two sections.

8.4.5.1 Two step method

The two step method as mentioned before consists in assessing the fission con-
tribution in a first step and the remaining contributions in the second step.
This is only possible because above ~10 MeV, only fission contributes to the
total energy deposition spectrum. From the point of view of the systematic
uncertainty analysis, the fission determination has no correlation with the neu-
tron capture and remaining contributions assessed in the second step. There-
fore, the systematic uncertainty of the fission yield using the two step method
depends solely on the TAC response to fission (Figure 8.12).

The determination of the systematic uncertainties was based on the com-
parison between two yields extracted with different TAC responses and in the
assessment of the difference in percentage for every neutron energy bin in the
1 eV to 1 keV energy region. The difference is plotted in a histogram and the
mean and Root Mean Square (RMS) is computed for the distribution. Several
cases have been studied and the particular details of each are summarized here:

e Reference: Uses both histogram representations for the TAC response
to neutron capture and fission.

e (Case 1: Histogram representation of the TAC response to neutron cap-
ture and mathematical parameterization of the TAC response to fission.

e Case 2: Used both mathematical parameterization for the TAC response
to neutron capture and fission.

e (Case 3: Mathematical parameterization of the TAC response to neutron
capture and histogram representation of the TAC response to fission.
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The results obtained for the fission yield assessment using the two step
method for the decomposition of the total energy deposition spectrum for

the case 2 condition and comparing it with the reference case are shown in
Figure 8.13.
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Figure 8.13: Fission yields obtained with the two step methodology (left) for
the reference case (black) and case 2 (red) and the computed difference in
percentage between yields (right).

The complementary assessment of the uncertainty for the neutron capture
yield is shown in Figure 8.14. Note that the assessment of the uncertainty
for the neutron capture yield depends on the TAC response to fission and its
systematic uncertainty although the contrary is not true due to the two step
method employed.

The results obtained for the 3 cases studied are presented in Table 8.1. The
zeros for both mean and RMS assessment of case 3 are expected as comparing
the assessment of the fission yield under the same conditions should produce
no variation.

Before discussing the results showed in Table 8.1, its important to un-
derstand the meaning of the mean and RMS of the distribution obtained by
comparing two yields assessed in different conditions. The mean in this case
give us information about a global difference between the yields and can be
interpreted as a over or underestimation of the yield magnitude but also as the
global uncertainty. The RMS on the other hand give us information on the
point wise variations and can be interpreted as the uncertainty in the determi-
nation of each bin content from one method to other. Note also that all results
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Figure 8.14: Neutron capture yields obtained with the two step methodology
(left) for the reference case (black) and case 2 (red) and the computed difference
in percentage between yields (right).

Table 8.1: Result obtained for the systematic uncertainty analysis using the
two step method.

Reaction Fission Capture
Quantity Mean RMS Mean RMS
Case 1 (Capturep;st, Fissionasqtn) -3.5% 0.6% 15.4% 9.5%
Case 2 (Capturepsqin, Fissionasqen) -3.5% 0.6% 19.7% 8.9%
Case 3 (Capturepsqin, Fissiong;st) 0.% 0.% 5.2% 3.0%

were obtained by comparing the different cases with the reference which con-
sists in both histogram representations of the TAC response to neutron capture
and fission.

With mean and RMS meanings in mind, when looking at the results ob-
tained in case 1 for the fission yield, the use of a mathematical representation
vs an histogram representation of the TAC response to fission, produces an
underestimation of the yield in 3.5% but a small uncertainty of 0.6%.

Analyzing the neutron capture yield in case 1, the use of a mathematical
representation of the TAC response to fission and a histogram representation
of the the TAC response to neutron capture, produces an overestimation of
the capture yield by 15.4% versus the reference.
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Again, looking at the neutron capture yield but this time for case 2, the
yield obtained using both mathematical representations of the TAC response to
neutron capture and fission vs the reference yield, shows an overestimation in
19.7% and a significant uncertainty (8.9%). This big uncertainty in capture is
due to the fact that capture and fission are extracted separately. The neutron
capture cross section is almost one order of magnitude lower in comparison
with the neutron induced fission cross section. A 3% deviation in fission gives
a 20% deviation in capture.

In case 3 where the capture yield is obtained using an histogram represen-
tation of the TAC response to fission and a mathematical representation of the
TAC response to neutron capture, produces an overestimation of 5.2% with a
uncertainty of 3%.

From the uncertainty study done for the two step method, one can conclude
the high dependency of the results on the inputed type of representation used
to do the decomposition. This also points out that this method may not be
the most adequate.

8.4.5.2 One step method

The one step method consists in performing the decomposition of the total
energy deposition spectrum for all components at the same time. Concern-
ing the assessment of the uncertainties, this poses different consequences in
comparison with the two step method. In the two step method, being the
fission yield assessed prior to the capture yield and other contribution, made
it independent of the uncertainty in the remaining contributions. On the other
hand, the capture yield showed a great dependence on the type of assessment
of the fission yield. This causality relation should be less important in the one
step method, due to the fact that the fitting algorithm can play with all TAC
responses at the same time without constrains.

Figure 8.15 shows the fission yields obtained for the reference case and case
2 and the computed difference in percentage between yields. The conditions
used to assess the different yield have been detailed in Section 8.4.5.1.

The assessment of the uncertainty for the neutron capture yield is shown
in Figure 8.16. With this method, the capture yields and its associated uncer-
tainty depends on the fission yield and associated uncertainty and vice versa.

The mutual dependency between the neutron capture and fission yields
and respective associated uncertainties reflects itself in the results showed in
Table 8.2.

Looking at Table 8.2 were the results obtained for the mean and RMS with
the one step method are displayed, one can see that overall, this method has a
smaller associated uncertainty in comparison with the two step method. The
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Figure 8.15: Fission yields obtained with the one step methodology (left) for
the reference case (black) and case 2 (red) and the computed difference in
percentage between yields (right).
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Figure 8.16: Neutron capture yields obtained with the one step methodology
(left) for the reference case (black) and case 2 (red) and the computed difference
in percentage between yields (right).

smaller uncertainties in the fission yield can be attributed to larger magnitude
of the fission cross section and to the larger flexibility that the fitting algorithm
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Table 8.2: Result obtained for the systematic uncertainty analysis using the
one step method.

Reaction Fission Capture
Quantity Mean RMS Mean RMS
Case 1 (Capturep;s;, Fissionnsqn) -1.9% 1.4% -7.9% 7.6%
Case 2 (Capturepsqtn, Fissionpsqen) -2.8% 1.1% 1.7% 8.2%
Case 3 (Capturepsqin, Fissiong;st) -0.9% 1.5% 8.7% 6.3%

has to fit all contributions.

Analyzing closely Table 8.2 specially case 1 and 3, the dependence of the
capture yield on the fission yield determination is visible.

In case 1, were a mathematical representation of the fission and an his-
togram representation of the capture, are used as the TAC responses, the
fission is underestimated by 1.9% while the capture is underestimated by 7.9%

In case 3 were an histogram representation of capture and a mathematical
representation of fission, are used as the TAC responses, the fission is under-
estimated in 0.9% but the capture yield is now overestimated by 8.7% while
the uncertainties are comparable between case 1 and 3.

This can be attributed to two factors:

e The dependence that the TAC response to neutron capture has on the

TAC response to fission due to the method used to assess both responses

and
e the method used where the fitting algorithm can adjust all the TAC
responses to minimize the 2.

8.4.6 Total uncertainty

The uncertainties due to the data analysis for the neutron capture and neutron
induced fission were assessed by the summation of the modulo of the Mean
times the RMS, weighted by the RMS for each case and methodology. In this
way we account for both types of uncertainties assessed in a way that reflects
the meaning of each one.

> |Means| * RMS;
B S RMS;

The sources of uncertainty that are propagated to the neutron capture
and fission yields are summarized in Table 8.3, where the final uncertainty is

U (8.2)
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calculated as the square root of the sum of squares of the partial uncertainties
(Eq. (8.1)). Accordingly to the study performed and detailed in Section 7.4,
the contribution from the calculation of dead-time losses is negligible as well
its contribution to the overall uncertainty and therefore not accounted here.

Table 8.3: Uncertainty contributions for neutron capture and fission yields and
respective total uncertainties.

‘ Fission yield ‘ Capture yield

Sample mass 5% 5%
Beam intersection 1% 1%
Flux 2% 2%
Data 2.0% 10.6%
Simulation 3% 3%
Total 6.6% 12.3%
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Conclusions

The aim of this work was the determination of the 2*3U neutron capture cross
section. The measurement performed at the n_TOF facility at CERN using
the TAC as the detection system and employing the CSD method for discrim-
inating between competing reactions, allowed the simultaneous measurement
of both neutron capture and neutron induced fission cross sections.

In order to separate the contributions of neutron capture and neutron in-
duced fission in the TAC, the CSD methodology was developed. This novel
methodology is based on the innovative study of the TAC’s energy response
for all competing reactions, allowing to discriminate between gammas origi-
nating from neutron induced fission and those from neutron capture reactions
without the need for fission tagging or any additional detection system.

Due to the unique characteristic of the n_TOF facility such as its good
energy resolution and high instantaneous neutron fluxes, the measurement of
the 233U radioactive sample was possible with an uncertainty of 12.3%.

The neutron capture yield was measured between 1 eV and 1 keV being the
measurement limited at higher energies due to the contribution of scattering
in the sample’s canning and backing materials.

The results obtained and the comparisons made with the ENDF/B-VII.1
library permit to conclude that the neutron induced fission contribution was
efficiently discriminated using the CSD method and that the Monte Carlo
study performed to assess the detection efficiency and event reconstruction
efficiency was successful for reproducing the signature of fission events. In
the case of neutron capture, there were discrepancies between the simulated
and experimental total energy spectrum which were taken into account in the
estimated uncertainty of the yield.

The neutron induced fission yield agrees with the ENDF/B-VIIL.1 library
both in normalization and shape, validating the CSD methodology .

The neutron capture yield shows a disagreement of the order of 30% be-
tween the n_TOF normalization and ENDF /B-VIIL.1 which cannot be attributed
to the Monte Carlo modeling and can hardly be explained by the estimated
11.4% total uncertainty or with the data extraction procedure.
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It must be emphasized the completely independent nature of the results
obtained at n ' TOF and the agreement of the neutron induced fission yield,
with the ENDF/B-VII.1 library. The same methodology was applied to the
assessment of the neutron capture yield. However, in this case a sizable dis-
agreement is observed between the normalization of the neutron capture yield
and the ENDF /B-VII.1 library. Such discrepancies may be attributed to:

e limitations in the event reconstruction efficiency methodology used in
the work here presented,

e a problem in the measurements used to create the evaluation

e or combined problems in both measurements.

Possible causes for the disagreement in the normalization may be related
to the fission veto technique used in the Weston measurement [65]. In his
work, the author uses a combination of fission chamber and liquid scintillators
as detection system and capture events are selected in the absence of fission
fragments detected. The problem with this technique lies in the fact that it
is not possible to discriminate between fission delayed gamma emission and
gammas arising from the fission neutrons interactions with the structural ma-
terials resulting in a situation where the capture contribution is difficult to
assess accurately.

In the work described in this thesis, these two components associated with
fission events were considered within the scattering components used for the
decomposition of the total energy spectrum.

Certain aspects of the measurement and analysis may be improved, namely
by means of:

e Performing a measurement without the titanium canning and aluminum
backing would increase the count rate of neutron capture relative to
scattering reactions. The increase of the ratio of signal to noise would
be most visible above the 1 keV region.

e Gaining a better understanding of TAC’s response to the delayed gamma
emission associated with the fission events, would permit to have a better
idea about the correctness of the neutron capture yield assessed.

e Determining the TAC’s response to the neutrons produced in fission
events and their interaction with the structural materials which is also
a possible source of background.

e Developing a better understanding of the neutron capture deexcitation
process, would provide a better description of the TAC’s response to neu-
tron capture using Monte Carlo methods and therefore a more accurate
determination of the event reconstruction efficiency.

e Assessing the resonance parameter analysis to extend the accuracy of
the comparison and validation of the results.
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Despite all the difficulties associated with the measurement of a radioactive
sample with several neutron reaction channels open in the energy range of
interest and the challenges of employing a different methodology and associated
problems,; it must be stressed that the results obtained are of great relevance
to the thorium fuel cycle and unveil a possible problem with the data available
in the ENDF/B-VIL.1 library.

To understand the relevance of the findings reported on this work, one
has to look at the neutron induced reactions occurring at the branching point
23U 4+ n. Three reactions are possible such as neutron capture, neutron in-
duced fission and neutron scattering. From these three reactions, only neutron
capture and neutron induced fission lead to the isotopic evolution of the fuel
in a nuclear reactor core using ?*Th as the main component in a breeding
blanket and therefore, bred 233U as fissile elements.

From the point of view of neutronics performance, the desirable reaction
is fission, as neutron capture would lead to the formation of 23*U which would
need to capture a second neutron to reach the fissile 23°U. Not only this de-
creases the reactor neutronics performance but also leads to the formation of
trans-uranium actinides which is not desirable also from the point of view of
waste management.

In the work here reported, a 30% lower neutron capture yield was assessed
at n_TOF in respect to the ENDF/B-VII.1 evaluated data. The fission yield
assessed at n_ TOF agrees with the ENDF /B-VII.1 over the entire energy range
studied both in shape and magnitude.

Besides the implications to the neutron economy of a reactor using ?*2Th
as a fuel, these two facts have an impact on the reaction occurring at the
branching point (*3U + n). Considering the ratio at the branching point
between neutron capture and neutron induced fission using the data measured
at n_TOF, the ratio is now more favorable to fission in respect to the same
ratio obtained with the ENDF/B-VII.1 data.

This has implications in the design and operation of the new Generation
IV reactors, leading to a better neutronics performance, production of less
trans-uranium actinides, better efficiency, lower radiotoxicity of the spent fuel,
increased sustainability and better economics.
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