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“Conoscere tutto, non avere più domande, non avere più
curiosità, sarebbe negare la nostra stessa essenza di umani.
Sapere come va a finire ogni storia, nell’attimo stesso in
cui il narratore inizia a raccontartela; anzi, sapere già che
il narratore ha deciso di raccontartela in quel momento, in
quell’istante. Conoscere ogni cosa, ogni persona, sapere
ricondurre ogni fatto a regole da noi applicabili, alla lunga
renderebbe la vita un’abitudine, e gli esseri umani ad
automi."

Marco Malvaldi, Argento vivo





Abstract

The aim of this work is to provide a precise and accurate measurement of the 238U(n,γ) reaction
cross section. This reaction is of fundamental importance for the design calculations of nuclear
reactors, governing the behaviour of the reactor core. In particular, fast neutron reactors, which
are experiencing a growing interest for their ability to burn radioactive waste, operate in the
high energy region of the neutron spectrum. In this energy region inconsistencies between the
existing measurements are present up to 15%, and the most recent evaluations disagree each
other. In addition, the assessment of nuclear data uncertainty performed for innovative reactor
systems shows that the uncertainty in the radiative capture cross-section of 238U should be
further reduced to 1-3% in the energy region from 20 eV to 25 keV. To this purpose, addressed
by the Nuclear Energy Agency as a priority nuclear data need, complementary experiments,
one at the GELINA and two at the n_TOF facility, were scheduled within the ANDES project
within the 7th Framework Project of the European Commission.

The results of one of the 238U(n,γ) measurement performed at the n_TOF CERN facility are
presented in this work, carried out with a detection system constituted of two liquid scintillators.
The very accurate cross section from this work is compared with the results obtained from the
other measurement performed at the n_TOF facility, which exploit a different and complemen-
tary detection technique. The excellent agreement between the two data-sets points out that
they can contribute to the reduction of the cross section uncertainty down to the required 1-3%.

Abstract

Lo scopo di questa tesi é quello di fornire una misura precisa e accurata della sezione d’urto
della reazione 238U(n,γ). Quest’ultima ricopre un ruolo fondamentale nelle simulazioni e nei
calcoli di progetto di reattori nucleari, governando il comportamento del nucleo dei reattori.
In particolare, i cosiddetti reattori veloci, che stanno conoscendo in questo periodo storico un
rinnovato interesse grazie alla loro capacitá di bruciare scorie radioattive, operano sfruttando
la regione di alte energie dello spettro neutronico. In questo intervallo energetico, le numerose
misure presenti nei database sperimentali differiscono anche del 15%, e le principali librerie di
dati nucleari sono in disaccordo tra loro. Inoltre, una valutazione delle incertezza relative ai dati
nucleari di interesse per i nuovi prototipi di reattore mostra che, nella regione di energie tra 20
eV e 25 keV, l’incertezza sulla sezione d’urto di cattura radiativa su 238U deve essere ridotta
all’1-3%. A questo scopo, inserito dall’Agenzia per l’Energia nuclear (NEA) tra le prioritĹ, sono
stati programmati tre esperimenti complementari tra loro, uno alla facility GELINA in Belgio e
due alla facility n_TOF al CERN, all’interno del progetto ANDES della Commissione Europea
(EC-FP7 project ANDES).

In questo lavoro di tesi sono presentati i risultati della misura della reazione 238U(n,γ) com-
piuta ad n_TOF con un setup sperimentale costituito da due di scintillatori liquidi. La sezione
d’urto ottenuta, di alta qualitĹ e precisione, é stata messa a confronto con i risultati ottenuti
da una diversa misura, effettuata sempre alla facility n_TOF ma con una diversa tecnica sper-
imentale. L’ottimo accordo tra le due sezioni d’urto segnala che le due misure, una volta unite,
andranno a contribuire alla riduzione dell’incertezza sulla sezione d’urto fino al richiesto 1-3%.
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Introduction

In modern society the use of technological tools and devices has penetrated so deep
to revolutionize our habits and the way we live. Energy has become one among the
main fuel for social and economic development. Nowadays, the amount of energy used
is massive, and it is destined to rise as population and wealth increase. Needless to say
that energy-related activities have significant environmental impacts. The main and most
addressed issue is the emission of greenhouse-gas that follows the production of energy
through fossil fuels as coal, oil and natural gas, and which results in serious damage on
climate, biodiversity and human health. In addition, the construction of power plants
itself is often cause of massive land transformation, and the potential accidents as oil
spills, floods from dam explosions and radioactive fallout have large and lasting regional
impacts on natural areas. Moreover, the new more efficient technologies to extract fossil
fuels, e.g. the shale gas development in the United States, help on one hand to enlarge the
energy-source assessment giving an economically-attractive access to enormous resources,
but represent, on the other hand, a potential threat to environment and health.

To avoid the business-as-usual dependence on fossil fuels, both conventional and un-
conventional, a map of future energy mix that incorporates alternative sources is needed.
Several low-carbon resources should be part of this sustainable energy portfolio, as bio-
fuels and waste, wind, solar, hydro power, geothermal and marine energies, and nuclear
energy. Although renewable energies are clearly experiencing strong enthusiasm among
society, a scenario where their share in global energy mix is dominant needs a lot of tech-
nological effort. The main issue is related to the fact that energy-production via renew-
able sources depends on geography and climate conditions, resulting in a supply-demand
mismatch which cannot be solved by only accurate energy policies. The requirements of
energy storage call for a strong development from present technologies, which imply a
too large-scale solution (regardless to the massive production of chemical waste).
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2 Introduction

The case of nuclear power is complex and contradictory. The main global energy bod-
ies as the International Energy Agency (IEA) and the World Energy Council (WEC),
as well as a large part of the scientific community, comment on nuclear energy as one
of the few options available at scale to reduce carbon-dioxide emissions while providing
or displacing other forms of baseload generation. Nuclear power plants can contribute to
the reliability and the security of the power system, reducing the dependence on foreign
supplies and limiting the exposure to fuel price movements in international markets.
Nevertheless, there is a strong public concern about the safety of nuclear energy pro-
duction, related to potential accidents during the reactor operation and to the risk of
radioactive waste and nuclear-weapons proliferation. To address this concern, significant
efforts have been made in the direction of improved reactor technologies that will lead to
an intrinsic-safe nuclear energy production. In particular, a renovated interest is growing
nowadays towards the so-called fast neutron reactors (FNRs), that have a more efficient
use of nuclear fuel and, with their high-flux of fast neutrons, can burn radioactive waste
transmuting transuranic elements in less radiotoxic nuclides. Towards this direction, the
Generation IV International Forum (GIF) works from 2001 to identify and select six nu-
clear energy systems that will be commercially available by 2030-2040. In addition, the
concept of a nuclear subcritical device called accelerator driven system (ADS) is being
developed both for energy production and radioactive waste disposal.

This new reactor concepts require accuracy and precision that still challenge the
present knowledge of nuclear data. The prediction of the behaviour of the reactor cores
depends strongly on neutron-induced reaction cross-sections, which can be measured with
different experimental methods in neutron facilities, or predicted by theoretical models.
In this context, the measurement of the 238U radiative capture cross section is of high
priority and is part of the NEA High Priority Request List [1], a compilation of the most
relevant nuclear data requirements. In fact, 238U constitutes more than 90% of nuclear
fuel in power reactors, being one of the most important isotopes for neutron transport
calculations in the active zone of a reactor. In particular, for ordinary thermal nuclear
reactors the uncertainties on fundamental design parameters such as the multiplication
factor, the power peak and the reactivity coefficient depend on the 238U(n,γ) reaction
cross-section for incident neutron energies from 0.0253 eV to 25 keV. Moreover, also the
uncertainty on the the plutonium inventory in spent fuel is mostly due to the capture
cross-section on 238U. In the fast region of neutron spectrum, which is fundamental for
calculation of fast neutron reactors, inconsistencies between published experimental data
can reach the 15%, and the most recent evaluations disagree each other. To solve these
inconsistencies and to lower the uncertainty in the cross section down to 1-3% in the en-
ergy range from 20 eV to 25 keV, as required from the Nuclear Energy Agency, a proposal



Introduction 3

of three complementary measurements at the n_TOF facility at CERN (Switzerland)
and at the EC-JRC-IRMM facility GELINA (Belgium) was launched [2].

The subject of this work is the determination of high-accuracy radiative capture cross-
section on 238U, starting from the measurement performed at the n_TOF facility in April
2012 with C6D6 scintillators.

The international n_TOF collaboration was formed in 2000 in order to build and oper-
ate the neutron time-of-flight facility n_TOF at CERN. Italy is an active member of the
collaboration with four INFN sections and researchers from ENEA. The white neutron
source of the n_TOF facility covers about eleven orders of magnitude in energy from
thermal to GeV, and has unique characteristics such as a very-high instantaneous neutron
flux combined to an excellent energy resolution, which allow to perform very accurate
and precise measurements. For neutron capture experiments, two different experimental
setups are in use at n_TOF, and both of them have been exploited to measure 238U(n,γ)
cross section. As outlined, this work is focused on the measurement performed via the
total energy detection technique, exploiting a low solid angle detection system based on
an array of liquid scintillation detectors optimized to minimize the background induced
by sample-scattered neutrons. This capture setup makes measurements of capture cross-
sections in the high energy region feasible. In this work, the 238U(n,γ) cross section has
been analyzed from 1 eV up to 480 keV.

The thesis is organized as follows: in Chapter 1 the motivations for the demand of
accurate nuclear data are discussed. Starting from an overview of the energy resources,
particular emphasis is given to nuclear power and nuclear reactor concepts. Among these,
attention is paid to fast neutron reactors, in which 238U is the main fuel exploiting the so-
called U-Pu cycle. Moreover, new Generation-IV reactors and accelerator driven systems
are briefly presented. The role of 238U radiative neutron capture in nuclear reactor design
is analyzed, and an outlook of the previous measurements performed is given.

Chapter 2 contains an introduction to neutron-nucleus reaction theory, with partic-
ular attention to the compound nucleus reactions and to the R-matrix theory with its
practically useful approximations. A practical application of the resonance area analysis
is presented to determine the correctness of 238U resonance-spin assignment.

The n_TOF facility is described in Chapter 3, where its characteristics are reported,
e.g. the neutron-producing target, the beam-line and the neutron flux. The resolution
function of the n_TOF spectrometer, a fundamental input for the analysis of the cross-
section resonances, is studied in details. For sake of completeness detectors and data
acquisition in use at n_TOF are briefly presented together with a brief overview of the
second experimental area recently built at n_TOF.



4 Introduction

Chapter 4 contains the measurement principles and the detection techniques for neu-
tron capture measurements. The two detection systems available at n_TOF are analyzed
with their advantages and drawbacks. A detailed description of the multiple scattering
contribution and, in particular, of the background induced by scattered neutrons is given.
The latter is one of the main sources of background for capture measurement, and its
identification presents several difficulties.

Chapter 5 is dedicated to the data reduction from raw data to experimental capture
yield. The details of the measurement are given, starting from the measurement cam-
paign and the description of the samples used. The procedure followed to extract the
final capture yield is reported with all the details, and special emphasis is given to the
background subtraction, a fundamental step towards the required accuracy.

The experimental yield obtained in Chapter 5 is analyzed in order to extract the
238U(n,γ) reaction cross section in Chapter 6. In particular, in the so-called the resolved
resonance region (1 eV ă En ă 3 keV), a parametrization of the capture cross-section is
obtained analyzing the experimental yield with the resonance shape analysis (RSA) code
SAMMY. At higher energy, i.e. in the unresolved resonance region, the cross section is
obtained applying to the experimental yield a correction factor that takes into account
the self-shielding and multiple scattering effects. The cross section derived from the data
analyzed in this work is compared to the values present in literature and to the other
measurements part of the proposal.



Chapter 1

Nuclear data for nuclear technology

Nuclear reactions induced by neutrons play a fundamental role in nuclear technology,
being at the basis of reactor physics, and are of great importance also in other fields
such as Nuclear Astrophysics and fundamental Nuclear Physics. Many of the existing
experimental data have been evaluated and made available through nuclear data libraries.
Nevertheless, new developments in emerging nuclear technologies require more precise
and accurate data, together with new measurements for a large number of isotopes. In
this context, the n_TOF facility at CERN enters as an unique tool to provide accurate
and precise nuclear data for science and technology.

In this chapter we will give an overview of the consumption and demand of energy in
general and nuclear energy in particular. A brief introduction to nuclear power, to the
problem of nuclear waste and to new nuclear reactor concepts will be given. Moreover, the
role of nuclear data in energy-producing systems is discussed, with particular emphasis
on the role played by the 238U(n,γ) reaction.

1.1 World energy resources

The world around us has changed significantly over the past 20 years. Technology has
become one of the main drivers of economic and social development. The rapid ad-
vancement of Information and Technology (IT) has transformed the way we live, being,
together with the Internet, strongly present in all aspects of human life. Needless to say
that practically all these technologies run on electricity, with the result that the demand
of electric energy is increasing very rapidly, faster than the present supply (referred to
as Total Primary Energy Supply, TPES).

Table 1.1 shows the actual values for a number of significative indicators from the
World Energy Council [3] (the United Nation-accredited global energy body). The status

5



6 1 Nuclear data for nuclear technology

Table 1.1: Key indicators for 1993, 2011 and 2020, data are taken from Ref. [5] and reference therein. The
acronyms used stand for: Gross Domestic Product (GDP), Total Primary Energy Supply (TPES),
tonnes of oil equivalent (toe), kilos of oil equivalent (koe). The entry other renewables stand for all
renewable energies apart from hydro.

1993 2011 2020 % Growth 1993-2011

Population (billion) 5.5 7 8.1 27%

GDP (Trillion USD) 25 70 65 180%

TPES (Mtoe) 9’532 14’092 17’208 48%

Coal (Mt) 4’474 7’520 10’108 68%

Oil (Mt) 3’179 3’973 4’594 25%

Natural Gas (bcm) 2’176 3’518 4’049 62%

Nuclear (TWh) 2’106 2’386 3’761 13%

Hydro Power (TWh) 2’286 2’767 3’826 21%

Biomass (Mtoe) 1’036 1’277 1’323 23%

Other renewables (TWh) 44 515 1’999 n/a

Electricity Production/year

Total (TWh) 12’607 22’202 23’000 76%

Per capita (MWh) 2 3 3 52%

CO2 emissions/year

Total CO2 (Gt) 21 30 42 44%

Per capita CO2 (t) 4 4 n/a 11%

Energy intensity (koe/2005 USD) 0.24 0.19 n/a -21%

of these indicators is shown for 1993 and 2011, while for 2020 the table reports the
projections made in the WEC report Energy for Tomorrow’s World (1993) [4]. The
comparison demonstrates that future developments are often underestimated. Even the
highest projections made 20 years ago, in fact, fall far below the reality. This means that
the demand for energy might grow significantly faster than expected, and if properly
managed, energy resources and technologies should be available to meet this demand.

The changes in the energy industry over the past 20 years have been significant. The
2013 WEC World Energy Resources survey [5] has pointed out that there are more
energy resources in the world today than ever before. However, the increase in resource
assessments in 2013 can be attributed in many cases to new, more efficient technologies.
As can be seen from left panel of Figure 1.1 the Total Primary Energy Supply is mostly
covered by fossil fuels, a trend that will increase with the recent extraction-technology
of shale gas, which despite its potential environmental damaging is cheap and readily
available. From the survey, it is clear that the main fossil fuels as coal, oil and natural
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Fig. 1.1: Left panel: Total Primary Energy Supply by resource in 1993, 2011 and 2020, expressed in million tonnes
of oil equivalent (Mtoe). Figure from [5]. Right panel: Shares of global anthropogenic greenhouse-gas
(GHG) in 2010. Others include large-scale biomass burning, post-burn decay, peat decay, indirect N2O
emissions from non-agricultural emissions of NOx and NH3, Waste, and Solvent Use. Figure from [8].

gas are plentiful and will last for decades, and the International Energy Agency (IEA) [6]
World Energy Outlook [7] forecasts their ongoing dominance for at least the next five
decades. The drawback of this scenario is that the energy production from fossil fuels
is the principal source of anthropogenic greenhouse-gas (GHG) emission [8], as shown
in the right panel of Figure 1.1, with the related consequences of climate changes and
biodiversity harm.

Several energy mix scenarios have been studied to improve the sustainability of energy
production, which has three important and often conflicting goals:

Energy Security. Includes the effective management of primary energy supply from
domestic and external sources, the reliability of energy infrastructure and the ability
of energy providers to meet current and future demand.

Energy Equity. Means accessibility and affordability of energy supply across the pop-
ulation.

Environmental Sustainability. Deals with the achievement of supply and demand
with an improvement in energy efficiencies, and with the development of energy supply
from renewable and other low-carbon sources.

In Figure 1.2 the global electricity production by source, with the corresponding GHG
emission, is shown for 2011 together with three different future scenarios. One is the



8 1 Nuclear data for nuclear technology

Fig. 1.2: Comparison of energy mix scenarios. Top: Global electricity production by source with the correspond-
ing greenhouse-gas emission in 2011 [7]. Bottom: three possible future scenarios of electricity supply and
greenhouse-gas emissions by source. On the left the IEA BAU scenario for 2035 [7], in the middle the
Greenpeace high renewable-energy mix scenario for 2050 [9], and on the right the large nuclear-energy
share scenario for 2060 by Brook [10]. Figure from [11].

business-as-usual (BAU) scenario for 2035, which already implements announced national
energy policies and assumes a continue growth of energy demand related to the growth
of global population (IEA, [7]). The two alternative scenarios presented are considered
plausible by literature: a high renewable-energy mix with no nuclear power (scenario
for 2050), which relies in a massive efficiency gain of renewable energy-production and
energy-storage (Greenpeace, [9]), and an energy mix scenario for 2060 with a large share
of nuclear energy combined with smaller contribution of renewables, fossil fuels and
carbon capture and storage (Brook, [10]). As visible from the plots, the two alternative
scenarios lead to a strong reduction of the greenhouse-gas emissions with respect to a
business-as-usual dependence on fossil fuels. In the scenario proposed by Greenpeace
the emissions of greenhouse-gas are reduced to „ 6.1% of the BAU ones, while a high
nuclear-energy mix is predicted to result in a reduction of the greenhouse-gas emissions
down to „ 2.5% of the BAU ones, i.e. less than a half of the high renewable-energy mix
ones.

In a very recent study on the role of energy in global biodiversity conservation, Brook
and Bradshaw [11] used a multi-criteria decision-making analysis (MCDMA, as described
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by Hong et al. [12]) to classify seven important electricity-production sources: coal, gas,
nuclear, biomass, hydro, wind, and solar. The analysis is based on cost and benefit, rep-
resented by seven indicators (GHG emissions, cost of electricity, dispatchability, land use,
safety, solid waste and radiotoxic waste) to which a weight could be applied depending on
philosophical ideas (no weighting, economic rationalism, environmentalism). The results
show that, regardless to weighting, wind and nuclear energy are the electricity-production
sources with the highest benefit-to-cost ratio.

Starting from the point that a reduction of greenhouse-gas emissions is mandatory,
it is necessary to take into account the requirements that a new electricity generator
should fulfil in order to serve as a real replacement for coal-fired electricity: it should
be dispatchable (i.e. it can be delivered on demand) without need for large or expensive
external storage, and it should have a reliable fuel supply. It must also have low to
moderate carbon-emissions intensity, and be able to deliver a near-constant supply across
a 24-hour period or longer [13]. Given that no ideal energy source is now available (i.e.
one that is simultaneously low-cost, low-impact, zero-carbon emission, non-polluting,
completely safe and always available on demand), a compromise among various social,
economic and environmental issues should be found.

Renewable power generation, which benefit from a strong community support, con-
tinues to progress rapidly and is approaching the targets of the IEA Energy Technology
Perspectives 2014 2˝C Scenario (2DS) [14]. However, several drawbacks are present also
for renewable-energy sources, as can be seen in Reference from [15] to [20]. In particular,
main concerns are about the storage of wind and photovoltaic energy, whose production
is bound to geography and weather conditions (present batteries technologies imply a
very large scale storage), and about the massive land transformations required by hy-
droelectric dams.

The other carbon-free source of energy comes from nuclear. Despite the present public
concern about nuclear power, which recently grew after the accident at the Japan’s
Fukushima Daiichi nuclear power plant, it is one of a limited number of options available
at scale to reduce CO2 emissions. It is worth to notice that since 1971 nuclear has avoided
the release of an estimated 56 Gt of CO2, closely equivalent to two years of emissions at
current rates. Nevertheless, the issue of safety in nuclear energy production needs to be
addressed, especially in relation with possible accidents in operating reactors, with the
management of radioactive waste and with the prevention of the proliferation of nuclear
weapons. The new-generation technologies of nuclear reactors could be the decisive step
towards an unquestioned nuclear energy production in matters of intrinsic safety and
nuclear waste disposal. As will be described, the design of these new reactors rests its
foundations upon accurate and precise nuclear data.
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1.2 Nuclear energy outlook

The nuclear industry has a relatively short history, as the first nuclear reactor was com-
missioned in 1954. The production of energy in nuclear reactors is based on the release
of energy coming from neutron-nucleus reactions. Existing power reactors exploit fission
processes, while fusion-based reactors are nowadays in the R&D phase, the main project
being the International Thermonuclear Experimental Reactor (ITER) that is under con-
struction in France.

The main source of fuel for ordinary nuclear reactors is uranium, which natural abun-
dance is 99.275% of 238U, 0.720% of 235U and traces of 234U („ 0.005%). Among them,
235U is the most fissile isotope, and therefore most of the commercial nuclear power re-
actors operating or under construction require a fuel of uranium enriched in the 235U
isotope. Typically, the level of enrichment needed in thermal reactors is from the natural
0.720% to 3% or 5%. It is important to notice that uranium used for nuclear weapons
would have to be enriched in plants specially designed to produce at least 90% of 235U.

The worldwide output of uranium has been recently increased: the 2013 WEC World
Energy Resources survey shows in fact that total identified uranium resources have grown
by 12.5% since 2008 and they are sufficient for over 100 years of supply based on current
requirements.

The total nuclear electricity production has been growing during the past two decades
and has reached an annual output of about 2600 TWh by the mid-2000s, although the
three major nuclear accidents of Chernobyl, Three Miles Island and Fukushima have
slowed down or even reversed its growth in some countries. The nuclear share of total
global electricity production reached its peak of 17% by the late 1980s, but since then
it has been falling and dropped to 13.5% in 2012. In absolute terms, the nuclear output
remains broadly at the same level as before, but its relative share in power generation
has decreased, mainly due to Fukushima nuclear accident.

Japan used to be one of the countries with a high share of nuclear (30%) in its elec-
tricity mix and high production volumes. Today, Japan has only two of its 54 reactors
in operation. The rising costs of nuclear installations and the lengthy approval times
required for new construction have had an impact on the nuclear industry. It is impor-
tant to notice that the slowdown has not been global, as new countries, primarily in the
rapidly developing economies in the Middle East and Asia, are going ahead with their
plans to establish a nuclear industry [5, 21].

In Figure 1.3 a comparison between the world installed capacity and actual generation
of nuclear energy is shown between 1993 and 2011. At the end of 2013, there were 434
operating commercial nuclear reactors worldwide, with total installed capacity of 392
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GW. Nuclear power plants today account for 11% of global electricity generation, down
from a peak of almost 18% in 1996.

In the IEA BAU with new policies scenario [21], forecasts on the role of nuclear energy
follow conflicting trends. Global nuclear power capacity increases by almost 60%, while
its share in global electricity-production rises by just one percentage point to 12%. This
pattern of growth reflects the challenges that all types of thermal-generation capacity
have to face in a competitive energy market, and in particular the specific economic,
technical and political issues that nuclear power has to overcome. It is worth noticing
that of the predicted growth in nuclear generation to 2040, China, India, Korea and
Russia see the most significant increases in installed nuclear capacity.

Despite the trend of countries members of the Organisation for Economic Co-operation
and Development (usually referred to as OECD countries) to phase-out nuclear, the IEA
World Energy Outlook 2014 [21] addresses nuclear as an energy source that can contribute
to the reliability of the power system. Nuclear power has in fact a low vulnerability with
respect to disruption in international fuel markets, and is a reliable source of baseload

Fig. 1.3: Nuclear power top 5 countries in 2011, data from 2013 WEC World Energy Resources survey [5]. The
global total installed capacity was about 364 GW in 2011 and 340 GW in 1993, while the global total
actual generation was 2’385 TWh in 2011 and 2’106 TWh in 1993.
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electricity1. For these reasons, nuclear power can enhance energy security and add sta-
bility to electricity costs: in a low nuclear-energy mix scenario, in which global nuclear
share drops by 7% compared with today, indicators of energy security tend to deteriorate
in countries that nowadays utilise nuclear power.

1.3 Nuclear reactors

The release of a significant amount of energy from nuclear fission reactions is at the
basis of reactor technologies. To this purpose a chain reaction is required to happen,
which means that neutrons produced by a fission reaction should be able to induce
other fission events. In particular, to build up a chain reaction it is required that each
generation has the same number of fission events than the preceding one [22, 23]. These
chain reactions can be quantitatively described by the effective multiplication factor keff,
which gives the net change in the number of neutrons from one generation to the next.
For a reaction chain to continue it is necessary to have keff ě 1, and to maintain a steady
release of energy the criticality condition should occur (i.e. keff “ 1). Situations of super
(keff ą 1) and sub (keff ă 1) criticality are present in standard reactor systems only in
transitions between steady states, while the new-concept of Accelerator Driven Systems
(ADS) is based on a sub-critical reactor technology. In reactors which use 235U as fuel,
it is advantageous to moderate neutrons emitted in chain reactions down to thermal
velocities, where the fission cross-section is very large (σ f „ 580 b). To this purpose, the
best choice is to use light nuclei, i.e. pull alongside the uranium fuel a moderator-material
such as graphite, water or cadmium.

Clearly the effective multiplication factor depends on the composition of the fuel and
the structural material, that is it depends piq on the relative number of nuclides of the
different species that are present, piiq on the neutron energy distribution and piiiq on
the geometry configuration of the fuel and the moderator. These dependencies can be
expressed by a five-factor formula [22]:

keff “ ηεp f P` . (1.1)

Here the fast fission factor ε takes into account fast neutrons which undergo fission in
238U, the resonance escape probability p indicates the number of neutrons not captured
during the thermalisation process by 238U (it is worth to recall that during slowing down,
neutrons can be captured by large resonances in 238U(n,γ)), and the thermal utilisation

1 With baseload is intended a nuclear power-plant which can generate reliable power to consistently meet energy
demand.
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factor f gives the fraction of thermal neutron that are actually available to the fuel.
Those three factors depend on the geometry, and they can be optimized by the design
of the nuclear pile. The mean number of fission neutrons produced per thermal neutron
absorbed in the fuel is given by η “ ν

σ f

σ f`σγ
, where ν is the average number of neutrons

per fission events (ν „ 2.5 for thermal 235U pile). The last factor of Eq. 1.1, P`, is the
probability that a neutron does not leak out of the reactor, and can be split in two terms
to isolate the contributions from fast and slow neutrons.

The first chain-reacting pile, constituted by a lattice of uranium blocks alternating
with graphite, was constructed by Fermi and his collaborators in a squash court of the
University of Chicago in 1942. Since then, nuclear power industries and engineering have
been developing and improving reactor technology, and are starting to build the next
generation of nuclear power reactors to fill new orders.

Four generations of reactors are commonly distinguished:

Generation I reactors. Developed in 1950-60s, and outside the UK none are still
running today;

Generation II reactors. They characterize the present US and French fleets, and are
the more numerous in operation elsewhere;

Generation III (and III+) reactors. They are usually referred to as Advanced Re-
actors, improving the Generation-II characteristics of safety, reliability of energy-
dispatch, and duration of operating life. Their main characteristics are [24]:

• A standard design for each type of reactor, which expedites licensing bureaucracy
and reduces capital cost and construction time;

• A simple and robust design, making them easy to operate and low vulnerable to
operational upsets;

• High availability and long operating life (typically 60 years);
• Further reduced possibility of core melt accidents;
• Substantial grace period2 so that after a shutdown the plant requires no active

intervention for typically 72 hours;
• A good resistance to serious damage;
• High burn-up3 to use fuel more fully and efficiently and to reduce the amount of

waste;
• High use of burnable absorbers to extend fuel life.

2 The term grace period is used to describe the ability of a plant to remain in a safe condition for a substantial
period of time after an incident or accident, without need for any human intervention.
3 Burn-up is a measure of the quantity of energy is extracted from a primary nuclear fuel source.
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Generation IV reactors. Their designs are still under development, and will not be
operational before 2030. A more detailed description will be given ahead.

Among all these types of reactors, an important parameters is the conversion (or
breeding) ratio, defined as the ratio of final to initial fissile content at any given time.
Because nuclear reactors cores are always evolving, the net breeding ratio is obtained
integrating over the entire operating life of a reactor. In the case of U-fuelled thermal
reactors the initial breeding ratio (before 239Pu builds up) can be calculated as:

C “
N
`

238Upn, γq
˘

N p235Upn, f qq ` N p235Upn, γqq
, (1.2)

where N
`

238Upn, γq
˘

is the number of capture events in 238U producing 239Pu, and
N
`

235Upn, f q
˘

` N
`

235Upn, γq
˘

the number of absorption events that destroy 235U. Re-
actors with C ă 1 are called burners, that is they consume more fissile material (235U,
239Pu and minor actinides) than they produce (fissile 239Pu). On the contrary, reactors
with C ą 1 or C “ 1 are breeders (i.e. they are designed to produce more fissile material
than they consume) or iso-breeders (i.e. they produce the same amount of fuel as they
consume during operation) respectively.

Another important parameter of reactor physics is the ratio between the capture and
the fission cross-section of a given isotope, being the two main reactions that can occur
in rector fuels. It is defined as αpEnq “ σγpEnq{σ f pEnq, and the convolution of this
parameter for all the isotopes contained in the reactor fuel is a key parameter for assessing
the neutron economy of a nuclear reactor core.

Physically, reactors could be distinguished by their neutron energy distribution: it is
possible to design reactors to operate with thermal or fast neutrons. From a technological
point of view, it is possible to distinguish several type of reactors from the type of fuel
and the coolant and moderation material. Nuclear power plant in operation are listed in
Table 1.2.

Thermal reactors

The neutron spectrum in a thermal reactor is defined essentially by the moderator mate-
rial, which is usually coincident with the coolant. To this purpose, the most used material
in electricity-producing reactors is light water, either pressurized (also referred to as Pres-
surized Water Reactors - PWR) or boiling (also referred to as Boiling Water Reactor -
BWR).
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Table 1.2: Nuclear power plants in commercial operation, data from the International Atomic Energy Agency
(IAEA), end of 2013. The GWe units is 1 GW of electrical output.

Reactor type Main Countries Number GWe Fuel Coolant Moderator

Pressurised Water US, France, Japan, 273 253 Enriched Water Water
Reactor (PWR) Russia, China UO2

Boiling Water US, Japan, 81 76 Enriched Water Water
Reactor (BWR) Sweden UO2

Pressurised Heavy Water Canada 48 24 Natural Heavy Heavy
Reactor (PHWR) UO2 Water Water

Gas-cooled Reactor UK 15 8 U (metal), CO2 Graphite
(AGR & Magnox) Enriched UO2

Light Water Graphite Russia 15 10.2 Enriched Water Graphite
Reactor (RBMK & EGP) UO2

Fast Neutron Russia 2 0.6 PuO2, Liquid None
Reactor (FBR) UO2 Sodium

PWR is the most common type, with over 230 in use for power generation and several
hundred more employed for naval propulsion [24]. It uses ordinary water both as coolant
and moderator: a primary cooling circuit flows into the reactor core and is kept under
very high pressure, in order to prevent the boiling of water. The steam that will drive
the turbine is generated afterwards in a secondary circuit.

The design of Boiling Water Reactors is similar to the PWRs one, except that there is
only a single circuit in which the water is at low pressure. Therefore, a two-phase mixed
fluid (water and steam) flows in the upper part of the reactor core.

Another common type of thermal reactor is the Pressurized Heavy Water Reactor
(PHWR), developed since the 1950s in Canada as the CANDU reactor, which use heavy
water (D2O) as coolant and moderator. Because D2O is a moderator that absorbs much
less neutrons than ordinary water does (being the radiative capture cross section neg-
ligible compared to water), PHWRs use natural uranium oxide as fuel with no need of
enrichment [25].

Different concept of thermal reactors can be obtained using gas as coolant, if a mod-
erator such as graphite is employed. For instance, the Advanced Gas Reactors (AGR),
cooled with CO2, and the High-Temperature Gas Cooled reactors (HTGR), cooled with
He.
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Fast Neutron Reactors (FNR)

Fast neutron reactors (FNRs) rely on a chain reaction in which neutrons should not be
thermalized, and therefore require no moderator at all. Fission reactions are induced at
relatively high energy, thanks to inelastic collisions within the fuel that lead a significant
fraction of the neutron spectrum to be in the energy range from keV to MeV. The
advantage is that fertile materials as 238U can be used as fuels, and therefore nuclear
data in this relatively high-energy region, called Unresolved Resonance Region (URR),
are extremely important. In the case of the so-called U/Pu cycle, the fertile 238U material
is used as a converter to produce the fissile 239Pu through capture reactions and β decays:

238U` n Ñ 239U
23 min
ÝÝÝÝÑ239Np` e´ ` ν̄ (1.3)

239Np 2.3 d
ÝÝÝÑ 239Pu` e´ ` ν̄ (1.4)

Fast reactor technologies offer the prospect of a vastly more efficient use of uranium
resources with respect to thermal ones, together with the ability to burn actinides, i.e.
the long-lived component of high-level nuclear wastes. In the upper part of the neutron
energy spectrum conditions for breeding are optimal, thanks to the predominance of
239Pu neutron-induced fission over capture (α „ 0.03). For this reason, FNR can be
designed to have a breeding ratio C (see Eq.1.2) larger than unity (Fast Breeder Reactors,
FBRs), even if many new designs opt for a net consume of fissile material including Pu.

About 20 Fast Neutron Reactors have already been operating, some since the 1950s,
and some supplying electricity commercially. However significant technical and mate-
rials problems were encountered, which nowadays technologies are starting to over-
come [26, 27]. There are several hints from the scientific community that nuclear fission
will continue to play an important role in meeting future energy needs, complying with
the expectation for energy production with minimal impact on climate, environment and
health. In this context, the development of innovative fast neutron systems and closed
fuel cycles is regarded as a necessary step to ensure a long term sustainable energy sup-
ply [28]. Moreover, there is renewed interest in fast reactors due to their ability to fission
actinides, including those which may be recovered from ordinary reactor used fuel. The
fast neutron environment minimizes neutron capture reactions and maximizes fissions in
actinides, which means less long-lived nuclides in radioactive waste.

In Europe, Phenix (France, 1973 to 2009) and Superphenix (France, 1985 to 1998) are
two examples of operating fast breeder reactors, the second being a 1250 MWe commercial
prototype.
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Generation-IV reactors

The Generation IV International Forum (GIF) was initiated in 2000 and formally char-
tered in mid 2001 [29]. It is a co-operative international endeavour organised to carry
out the research and development (R&D) needed to establish the feasibility and perfor-
mance capabilities of the next generation nuclear energy systems. It counts 13 member
countries4, the majority of which is committed to participate in the development of the
next generation of nuclear technology.

The goals adopted by GIF provided the basis to identify and selecting six nuclear
energy systems for further development that, depending on their respective degrees of
technical maturity, are expected to become available for commercial introduction around
2030-2040. The six selected systems employ a variety of reactors, energy conversion and
fuel cycle technologies. Their designs exploit thermal and fast neutron spectra, closed
and open fuel cycles and a wide range of reactor sizes from very small to very large.

Gas-Cooled Fast Reactor (GFR) [30]. The GFR system is a high-temperature
fast neutron reactor cooled by helium, with a closed fuel cycle. It combines the ad-
vantages of fast-spectrum systems for long-term sustainability of uranium resources
and waste minimisation (through fuel multiple reprocessing and fission of long-lived
actinides), with those of high-temperature systems (high thermal cycle efficiency and
industrial use of the generated heat).

Lead-Cooled Fast Reactor (LFR) [31]. This fast reactor operates at high temper-
ature and is cooled by molten lead or lead-bismuth eutectic (LBE) liquids, character-
ized by low-pressure, no chemical interactions and very good thermodynamic proper-
ties. It would have multiple applications including production of electricity, hydrogen
and process heat.

Molten Salt Reactor (MSR) [32]: The MSR is distinguished by its core in which
the fuel is not solid but dissolved in molten fluoride salt. This technology, firstly
studied more than 50 years ago, is now promising as a long term alternative to solid-
fuelled fast neutrons reactors. Being a complete different concept of nuclear reactor,
key feasibility issues focus on a dedicated safety approach and the development of
molten salt technology and control tools in order to limit corrosion rate of structural
materials.

4 The nine founding members are those that signed the GIF Charter in July 2001: Argentina, Brazil, Canada,
France, Japan, the Republic of Korea, the Republic of South Africa, the United Kingdom and the United States.
Subsequently, the GIF Charter was signed by Switzerland in 2002, Euratom in 2003, and by the People’s Republic
of China and the Russian Federation in 2006.
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Supercritical-Water-Cooled Reactor (SCWR) [33]. This is a very high-pressure
water-cooled reactor, which operates above the thermodynamic critical point of water
(374˝C, 22 MPa). This results in a thermal efficiency about one third higher than
today’s light water reactors, from which this design can be developed incrementally
step-by-step. The reactor core may have a thermal or a fast-neutron spectrum, de-
pending on its design.

Sodium-Cooled Fast Reactor (SFR) [34]. The SFR uses liquid sodium as the re-
actor coolant, allowing high power density with low coolant volume fraction and op-
eration at low pressure. The advantages of sodium-cooling is that the oxygen-free en-
vironment prevents corrosion. However, sodium reacts chemically with air and water
and therefore requires a sealed coolant system.

Very-High-Temperature Reactor (VHTR) [35]. The Very High Temperature Re-
actor (VHTR) is primarily dedicated to the cogeneration of electricity and hydrogen,
the latter being extracted from water by using thermo-chemical, electro-chemical or
hybrid processes. These are graphite-moderated, helium-cooled reactors, and can be
considered as the next development of high-temperature gas-cooled reactors.

The European Commission in 2010 launched the European Sustainable Nuclear Indus-
trial Initiative (ESNII) [36], which will support three Generation IV fast reactor projects
as part of the European Union’s plan to promote low-carbon energy technologies: the
Astrid sodium-cooled fast reactor (SFR) proposed by France, the Allegro gas-cooled fast
reactor (GFR) supported by central and eastern Europe, and the Myrrha lead-cooled
fast reactor (LFR) technology pilot proposed by Belgium.

1.3.1 Nuclear proliferation risks

The initial development of nuclear technology was related to military interests during
World War II. Two nuclear bombs made from uranium-235 and plutonium-239 were
dropped in August 1945 on Japan’s Hiroshima and Nagasaki respectively. In this tremen-
dous way the immense and previously unimaginable power of the atom had been demon-
strated.

Afterwards, attention turned to civil applications. In the course of half a century
nuclear technology has enabled access to a virtually unlimited source of energy at a time
when constraints are arising on the use of fossil fuels. The fundamental question remains:
to what extent and in what ways does nuclear power generation enhance or alleviate the
risks from nuclear weapons?
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This important concern leads to the Non-Proliferation Treaty (NPT), with the aim
to prevent the spread of nuclear weapons and their technology, to promote the peaceful
uses of nuclear energy, and to assists the goal of disarmament. The Treaty establishes a
safeguards system under the responsibility of the International Atomic Energy Agency
(IAEA), which also plays a central role under the Treaty in areas of technology transfer
for peaceful purposes.

From a merely technological point of view, nuclear power reactors themselves are not
a proliferation concern, while enrichment and reprocessing technologies have been the
cause of proliferation through illicit or not-safeguarded use. In particular, the abundance
of Pu in the spent fuel could be a source of nuclear weapon proliferations, together
with the presence of 243Am that in the long term would produce 239Pu via α-decay and
subsequent β-decay. For these reasons, the new technologies of fast neutron reactors are
particularly interesting, in the sense that they can be used as burners of ex-military
plutonium and that they allow the use of fuel cycle with less amount of Pu in nuclear
waste.

1.3.2 Nuclear waste

As well as in all industrial processes, the thermal generation of electricity produces wastes.
Radioactive wastes may occur either in gaseous form (ventilation exhaust), in liquid form
(highly radioactive liquids from the reprocessing of spent fuel) or in solid form (vitrified
waste from spent fuel reprocessing or used fuel when considered as a waste).

During the normal operation of a nuclear power plant, radioactive nuclear wastes
are generated by unstable fission fragments from fission reactions, by neutron induced
reactions such as (n,γ) or (n,α) on heavy nuclei (uranium or even higher atomic-mass
elements) that produce transuranic elements, or by neutron activation of moderation and
structural materials. Transuranic elements usually decay by α and β emission with rela-
tively long half-life, activation products are mainly γ-ray emitters and fission fragments
undergo β-decay.

Classification schemes for radioactive waste may be developed from different bases,
according to its physical or chemical form, its radioactivity (specific activity, emitted
radiation or radiotoxicity), safety issues, regulatory-related aspects or process engineering
requirements.

Generally, radioactive waste was divided into three classes: high level waste (HLW),
intermediate level waste (ILW) or low level waste (LLW), but in 2009 the IAEA extended
the classification deriving six different classes of wastes [37]:
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Exempt waste (EW): Waste that meets the criteria for clearance, exemption or
exclusion from regulatory control for radiation protection purposes as described in
Ref. [38].
Very short lived waste (VSLW): Waste that can be stored over a limited period
of up to a few years to decay in less-radioactive products. This class includes waste
containing primarily radionuclides with very short half-lives often used for research
and medical purposes.
Very low level waste (VLLW): Waste that does not necessarily meet the criteria of
EW, but that does not need a high level of containment and isolation and, therefore,
is suitable for disposal in near surface landfill-type facilities with limited regulatory
control. Such landfill-type facilities may also contain other hazardous waste. Typical
waste in this class includes soil and rubble with low levels of activity concentration.
Concentrations of longer lived radionuclides in VLLW are generally very limited.
Low level waste (LLW): Waste that is above clearance levels, but with limited
amounts of long lived radionuclides. Such waste requires robust isolation and contain-
ment for periods of up to a few hundred years and is suitable for disposal in engineered
near surface facilities. This class covers a very broad range of waste. LLW may include
short lived radionuclides at higher levels of activity concentration, and also long lived
radionuclides, but only at relatively low levels of activity concentration.
Intermediate level waste (ILW): Waste that, because of its content of long lived
radionuclides, requires a greater degree of containment and isolation than that pro-
vided by near surface disposal. However, ILW needs no (or only limited) provision for
heat dissipation during its storage and disposal. ILW may contain long lived radionu-
clides, in particular α-emitters, that will not decay to a level of activity concentration
acceptable for near surface disposal during the time for which institutional controls
can be relied upon. Therefore, waste in this class requires disposal at greater depths,
of the order of tens to hundreds of metres.
High level waste (HLW):Waste with levels of activity concentration high enough to
generate significant quantities of heat by the radioactive decay process, or waste with
large amounts of long lived radionuclides that need to be considered in the design
of a proper disposal facility. Disposal in deep, stable geological formations usually
several hundred metres or more below the surface is the generally recognized option
for disposal of HLW.

Transuranic elements (TRU) and fission fragments (FF) are the two main compo-
nents of high-level nuclear waste, representing the 1.1% and the 4% respectively of the
exhausted nuclear fuel [39]. The minimization of the radiotoxicity of these HLW before
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Table 1.3: List of the principal nuclides present in spent fuel with their concentration expressed as weight percent
(wt%), their half life and radiotoxicities. Transuranic concentrations come from a UOX PWR fuel
with a final burn-up5of 52 GWd/MTU (data from [41]). Fission fragments concentrations come from
the discharge isotopic composition of a Westinghouse Electric (WE) assembly with initial enrichment
of 4.5 wt% that has accumulated 45 GWd/MTU burn-up (data from [42]).

Isotope Concentration Half-life Radiotoxicity [40]
[wt%] [years] [Sv/Bq]

Transuranic - TRU
237Np 6.21 2.14ˆ 106 2.3ˆ 10´5

238Pu 2.85 87.74 4.6ˆ 10´5

239Pu 44.50 2.411ˆ 104 5.0ˆ 10´5

240Pu 21.75 6.550ˆ 103 5.0ˆ 10´5

241Pu 13.94 14.4 9.0ˆ 10´7

242Pu 7.81 3.763ˆ 105 4.8ˆ 10´5

241Am 1.75 432.6 4.2ˆ 10´5

243Am 0.01 7.370ˆ 103 4.1ˆ 10´5

244Cm 1.08 18.11 2.7ˆ 10´5

245Am 0.08 8.532ˆ 103 3.9ˆ 10´5

Fission Fragments - FF
90Sr 1.54 28.9 3.6ˆ 10´8

99Tc 1.93 2.111ˆ 105 8.9ˆ 10´10

129I 0.39 1.6ˆ 107 3.6ˆ 10´8

137Cs 3.85 30 4.6ˆ 10´9

burying it in geological disposal can be considered the main issue to be addressed in
a framework of nuclear energy sustainability. Radiotoxicity gives an indication of the
potential capacity of a radioisotope to damage biological cells and tissues. This quantity
is defined as the product of the activity and the effective dose coefficient R “ AˆFd , the
latter being a measurement of the power of the radiation and of its effect on biological
organism. The value, isotope per isotope, of the effective dose coefficient is determined by
the International Commission on Radiological Protection (ICRP) and is given in Sv/Bq.
In Table 1.3 the main TRU and FF isotopes are listed together with their radiotoxicities.

5 Burn-up, also known as fuel utilization, is a measure of how much energy is extracted from a primary nuclear
fuel source. It is measured both as the fraction of fuel atoms that underwent fission, in fissions per initial metal
atom (%FIMA), and as the actual energy released per mass of initial fuel, in gigawatt-days per metric ton of
uranium (GWd/MTU).
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1.4 Nuclear waste transmutation

To reduce the radiotoxicity of nuclear waste, Partitioning and Transmutations (P&T)
technologies have a great impact lowering significantly the risk and simplifying the con-
ditions of the final storage. This prospects have been studied within the RED-IMPACT
project [43] of the European Union. The main idea of P&T is to chemically process
the HLW, isolating the different elements (partitioning) and to design a nuclear device
capable of burning a minor actinide enriched fuel (transmutation) in such a way that
the volume and radiotoxicity of the HLW is reduced. Transmutation of nuclear waste is
therefore a fundamental step towards a safe and sustainable managing of nuclear waste,
transforming the radioactive isotopes into stable or less radiotoxic ones via neutron-
induced capture and neutron fission reactions.

A further available option is the reduction of the long-term radiotoxic inventory of
nuclear waste by using different fuel cycles in existing or new concept reactors. A fuel cycle
based on thorium, for example, will produce much less radiotoxic actinides with respect
to fuel based on U-cycle and constitutes a promising alternative. Research activities exist
on detailed studies of isotopic evolution in several deployment scenarios, but also on the
basic nuclear data necessary for these applications [44,45].

Transmutation can change the nuclear properties drastically. For transuranic elements,
key processes of waste transmutation are fission reactions, as:

n ` 239Pu p2.44ˆ 104 yq fission
ÝÝÝÑ 134Cs p2 yq ` 104Ru pstableq ` 2n ` 200 MeV, (1.5)

where the half-life of each isotope is given in parenthesis. These reactions require a nuclear
device with a fast neutron spectrum as fast neutron reactors, in order to maximize the
fission to capture ratio. On the other hand, for fission fragments the main transmutation
processes are neutron capture reactions and beta decay, which can have a substantial
rate at thermal energies. As an example, transmutation of the long-lived fission products
99Tc and 129I is feasible in a thermal reactor through neutron capture processes:

n ` 99Tc p2.11ˆ 105 yq capture
ÝÝÝÝÑ 100Tc

β (16 s)
ÝÝÝÝÝÑ 100Ru pstableq and (1.6)

n ` 129I p1.57ˆ 107 yq capture
ÝÝÝÝÑ 130I

β (12.4 h)
ÝÝÝÝÝÝÑ 130Xe pstableq. (1.7)

In Figure 1.4 the evolution in time of the contribution of each transuranic isotope to
the total radiotoxicity of the nuclear waste is given in mSv per initial ton of Uranium.
The figure indicates how much the transmutation of the different isotopes is fundamental
to reduce the radiotoxicity and simplify the storage of radioactive waste.
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Fig. 1.4: Left panel: Contribution of different isotope to the radiotoxicity of the nuclear waste. Right panel:
Evolution in time of the potential radiotoxicity of transuranic elements and fission fragments.

The transmutation process can take place in a high neutron flux environment. As
outlined, for fission fragments the transmutation proceeds through capture reactions, so
that the neutron flux present in thermal reactors can be used. For actinides (in particular
Np, Am, Cm) the most effective process is fission, whose cross-section however may
present a threshold around 1 MeV. For this reason fast reactor are needed. An alternative
solution is to use an Accelerator Driven System (ADS), a subcritical nuclear device with
a fast neutron spectrum. This new reactor concept will be briefly described in the next
section.

As described, all the transmutation processes need neutron induced reactions, and
therefore the design of an efficient transmutation requires extremely accurate and pre-
cise nuclear data. In particular, precise values of the cross sections of neutron-induced
reactions are mandatory.

1.5 Accelerator Driven System (ADS)

The concept of Accelerator Driven Systems (ADS) refers to a nuclear device obtained
combining a subcritical reactor (keff ă 1) with a particle accelerator. Its basic concepts
have been introduced by Rubbia et al. in the mid-1990’s for the design of a nuclear
reactor based on the Th-U fuel cycle, the so-called Energy Amplifier [46].

In a subcritical reactor the fission chain-reaction needs to be sustained by an external
source of neutrons, which in the case of ADS consists in a proton accelerator coupled
to a spallation target. The neutrons emitted through spallation reactions exit the target
with an energy of few MeV (high-energy neutron spectrum) and reach the nuclear fuel,
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which can be enriched in minor actinides. Depending on the spallation target, the average
number of neutrons produced and the energy of the neutron spectrum can be varied, so
tu fulfil the requirements of the chosen fuel and aim (e.g., nuclear waste transmutation
or energy production).

The ADS leads to significative improvements both on safety (during the operating life
of the reactor and related to radioactive waste) and technical point of view:

• The subcritical operation increases the flexibility of the system, allowing the use of fuel
that can have a high concentration of MA compared to those of fast critical reactors
(for nuclear waste transmutation purpose) or that does not have a self-sustained fission
chain (for energy production), as the 232Th´233U cycle:

232Thpn, γq233Th
β´ (22 m)
ÝÝÝÝÝÝÑ 233Pa

β´ (27 d)
ÝÝÝÝÝÝÑ 233U; (1.8)

• The very high flux of fast neutrons promotes transmutation fission reactions on
transuranic isotopes, and, as in fast neutron reactors, capture reactions to convert
fertile isotopes (232Th, 238U) in fissile fuel (233U, 239Pu);

• Because the fission chain-reaction is sustained only with an additional source of neu-
trons external to the reactor, it can be considered intrinsically safe. In fact, whenever
the neutron source is turned off, the chain-reaction ceases. In this way severe accidents
like core melting can be avoided without any human intervention in the reactor core.

• The possibility to use different fuel from 235U means that nuclear energy production
could be independent from the availability of uranium resources6. Moreover, the use
of elements with lower atomic number (e.g. 232Th) as nuclear fuel decreases the abun-
dance of plutonium and long lived minor actinides in radioactive waste, minimizing
radiotoxicity, decay heat and proliferation issues.

Besides the advantages related to accelerator driven systems, there are several top-
ics that need to be addressed before the industrial scale of ADS can be reached [47].
In particular, measurements of accurate nuclear data are needed to reduce the design
uncertainties. Moreover, from a technical point of view, ADS have a less reliable power-
production due to accelerator downtime, and a large amount of volatile radioactive iso-
topes is produced in the spallation target.

The conceptual design of the ADS has been largely discussed, and what was claimed
to be the world’s first ADS experiment was begun in March 2009 at the Kyoto University
Research Reactor Institute (KURRI), utilizing the Kyoto University Critical Assembly
(KUCA) [48]. Among the several ADS research reactors under study, the Indian Atomic

6 As an example, thorium is three to four times more abundant than uranium in the earth crust and is widely
distributed in nature as an easy mining resource in many countries.
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Energy Commission is proceeding with design studies for a 200 MWe PHWR accelerator
driven system fuelled by natural uranium and thorium [49]. In Europe, the Belgian
Nuclear Research Centre (SCK.CEN) is planning to begin construction on the MYRRHA
(Multipurpose Hybrid Research Reactor for High-tech Applications) [50] research reactor
at Mol in 2015. Initially it will be a 57 MWt ADS, consisting of a proton accelerator
delivering a 600 MeV, 2.5 mA (or 350 MeV, 5 mA) proton beam to a liquid lead-bismuth
spallation target, that in turn couples to a Pb-Bi cooled subcritical fast nuclear core.
Moreover, in mid-2014 the Swedish nuclear regulator issued a conditional licence for
construction of the European Spallation Source (ESS) facility in Lund [51]. This research
facility will feature the world’s most powerful neutron source, and will be used for material
research and life sciences. It is designed around a linear accelerator which produces intense
pulses of neutrons from a heavy metal target, which are led through several beam-lines
to experimental stations. Completion is scheduled by 2019, and the facility should be
fully operational by 2025.

1.6 The role of Nuclear Data

As described in previous sections, the accurate knowledge of neutron cross-sections plays
a major role in the design and exploitation of critical and subcritical nuclear systems.
In particular, the prediction of the behaviour of the reactor cores depends strongly on
capture and fission cross-sections data. Parameters such as the multiplication factor keff,
the power peak (i.e. the ratio between the maximum and the average peak density), the
reactivity coefficients ρ (i.e. the deflection of reactors from critical state, ρ “ keff´1

keff
), the

nuclear density variation of isotopes due to transmutation and the decay heat strongly
depend on the Nuclear Data (ND) used in calculations and projections. Because nuclear
data govern several constraints that concerns safety and criticality, but also modelization
and development, a standardized formats for storage and retrieval of evaluated nuclear
data has been developed, with the compilation of nuclear-data libraries.

1.6.1 Nuclear data libraries

Published experimental and theoretical results on neutron-nuclear reactions are collected
by several collaborating nuclear data agencies worldwide. In particular, the experimental
nuclear reaction databases, such as EXFOR (Experimental Nuclear Reaction Data) [52],
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make available nuclear reaction data from experimental measurements together with
their bibliographic informations, as well as details on the experimental method used.

Furthermore, to be suitable for the application in nuclear reactor designs, an eval-
uated data set for a particular isotope needs to be completed. This means that eval-
uators have to combine experimentally measured cross section data with predictions
of nuclear model calculations in order to obtain a single complete data-set. The eval-
uated data set is adopted in the library after extensive benchmarking and reviewing.
An evaluated library, like JEFF (Europe) [53], JENDL (Japan) [54], ENDF/B (United
States) [55], BROND (Russia) [56] or CENDL (China) [57], contains several sub-libraries,
each one corresponding to a particular type of data. These nuclear reaction databases
contain, in fact, evaluated (recommended) cross-sections, angular distributions, fission
products yields, thermal neutron scattering, photo-atomic and other data, with empha-
sis on neutron-induced reactions. All the data are stored in the internationally adopted
format ENDF-6 [58], originally developed for the ENDF library but now adopted for all
other libraries.

New data needs or newly available experimental data may lead to new evaluations. An
updated library can be released only when the full library has passed extensive testing,
giving coherent results in benchmarks on a variety of applications like reactor criticality
calculations. A recent project, CIELO (Collaborative International Evaluated Library
Organization) [59], aims to produce an evaluated library common to Europe, North
America and Asia. The focus of this latter project will initially be on a small number of
the highest-priority isotopes, among which the 238U is inserted due to its key relevance
within the nuclear industry, as will be described in the following section.

1.7 Radiative capture on 238U

The cross section for the 238U(n,γ) reaction is an important quantity for the design and
safe operation of nuclear reactors. In particular, the higher energy region is of special
importance for innovative reactor systems, as previously described, because Generation-
IV reactors as well as ADSs are designed to operate with a high-energy neutron spectrum.

In Table 1.4 the uncertainties on fast and thermal reactors design parameters are
listed, all related to 238U capture cross-section. Moreover, the 238U capture cross section
uncertainty affects the uncertainty on Pu isotope density at the end of the fuel cycle for
the 1.1% for 239Pu, the 0.2% for 240Pu and the 0.1% for 241Pu.

Despite the importance of this cross section, inconsistencies between experimental
data published in the literature may reach 15%. Therefore, the capture cross section
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Table 1.4: Fast and thermal reactor systems: uncertainties (%) due to 238U capture cross section. With Void is
intended the coolant void reactivity coefficient.

Reactor keff Void Power Peak

Fast Nuclear Reactors

ABTR 0.26

SFR 0.07 1.24

GFR 0.41 0.30

LFR 0.25

Thermal Nuclear Reactors PWR 0.26

VHTR 0.19

for 238U in both the resolved (1 eV ă En ă 20 keV) and unresolved (En ą 20 keV)
resonance region is on the Nuclear Data High Priority Request List (HPRL) [1]. This
list represents a compilation of the most important nuclear data requirements and is
maintained by the Nuclear Energy Agency of the OECD. The cross section between 22
eV and 25 keV is requested with an uncertainty between 1% and 3%. Moreover, the
ENDF/B-VII evaluation made some small modifications to the standards capture result
motivated by the shape predicted by model calculations [60] as well as by improved
MCNP simulation performance. As these modifications exceed the uncertainties of the
standards evaluation, future work is needed to resolve these differences.

To both these purposes complementary experiments, one at the EC-JRC-IRMM lab-
oratory GELINA [61] and two at the CERN n_TOF facility [62, 63], were scheduled
within task 1.2 of the FP7 project ANDES of the European Commission [64]. The exper-
imental techniques used are presented in Chapter 4. Combining results from two different
detectors and independent experimental principles, the overall systematic uncertainty is
reduced, so that the measurements would help to solve the existing open problems.

The focus of this work is the 238U(n,γ) measurement performed at the n_TOF CERN
facility by means of C6D6 scintillation detectors. This experiment allowed us to provide
capture cross section data for incident neutron energy between 1 eV and 480 keV.

1.7.1 Previous measurements and evaluations

As previously outlined, the importance of the radiative capture reaction on 238U brought
to a lot of experimental measurements of its cross section, mainly at the Oak Ridge Elec-
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tron Linear Accelerator (ORELA) [65] and at the Geel Linear Accelerator (GELINA) [66]
facilities. Here the most significative results are briefly described.

Linenberger, 1944 [67]. The ratio measurement of the radiative capture cross sec-
tion of 238U to the fission cross section of 235U was performed at the Los Alamos
National Laboratory. The activation method was used, detecting the beta-emission of
239U deriving from the irradiation of a U3O8 sample by 6Li(p,n) neutrons.

Fricke, 1970 [68]. Absolute neutron capture cross section for several isotopes were
measured using the time-of-flight technique at the Gulf General Atomic Linear Ac-
celerator in California. The measurements were performed at a 230 m flight-path in
a neutron energy range from 1 keV to 1 MeV using a 2400 l liquid scintillator. The
capture data are normalized with the saturated resonance technique, and the overall
uncertainty in the cross section is about 10 ´ 15% at all energies. The sample used
was a high purity metal disk 5.5 at/b thick.

Panitkin, 1972 [69]. Measurement of the 238U radiative capture cross section through
the activation method at an electrostatic accelerator.

Poenitz, 1975 [70]. Ratio measurement of the capture cross section of 238U to 197Au
were performed for neutron energy from 20 keV to 1.2 MeV at the Argonne National
Laboratory in Illinois. The time of flight technique was used with a 2.5 m flight-path
and the γ rays of the capture cascade were measured with a 1300 l liquid scintillator.
The sample is composed of 2 or 4 high purity metallic disk of 0.02 cm thickness. The
overall uncertainty was estimate to be „ 7% at all energies.

Sowerby, 1994 [71]. To solve the initial inconsistencies both in the neutron reso-
nance parameters and in the measured capture cross sections of 238U a task force was
organized by the Nuclear Energy Agency (NEA) of the Organization for Economic
Cooperation and Development (OECD). The results obtained, published by M. G.
Sowerby in 1994, led to a set of resonance parameters in the energy range thermal
to 10 keV which were adopted in the most important nuclear data libraries. These
parameters were based on previous evaluations by G. de Saussure in 1979 [72] and by
M. Moxon and M. G. Sowerby in 1982 [73].

Derrien, 2005 [75]. More recently, analysis of various thermal reactor benchmarks
showed that the values of keff were still underestimated [74], and therefore a new
evaluation of 238U resonance parameters have been performed by H. Derrien et al. in
2005. The results of this new evaluation have been adopted by the three main neutron
cross section libraries ENDF/B-VII.1, JEFF-3.2 and JENDL-4.0. The experimental
data sets used are listed in Table 1.5, and includes data not used in the Sowerby and
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Table 1.5: Experimental database used in evaluation by H. Derrien et al. All the details of the measurements
analysis can e found in Ref. [75] and reference therein. A description of the measurement types can
be found in Chapter 4.

Energy range Reference Measurement Sample Flight path
of analysis type thickness length

0.0253 eV Poenitz et al. [76] Activation

ANL (1981)

Thermal range Corvi et al. [77] Capture U and UO2 8.7 m

GELINA (1997) TOF 0.001 at/b

6 eV to 38 keV Meister et al. [78] Transmission U and UO2 26.5 m

GELINA (1997) TOF 0.000046 at/b

0.00010 at/b

6 eV to 10 keV de Saussure et al. [79] Capture 2 samples 40.0 m

ORELA (1973) TOF 0.00283 at/b

0.00040 at/b

0.5 eV to 1 keV Olsen et al. [80] Transmission 7 samples 42.0 m

ORELA (1977) TOF 0.0002 to

0.175 at/b

0.3 keV to 10 keV Olsen et al. [81] Transmission 4 samples 150.0 m

ORELA (1979) TOF 0.0038 to

0.175 at/b

0.25 keV to 20 keV Macklin et al. [82] Capture 2 samples 150.0 m

ORELA (1988) TOF 0.0031 at/b

0.0124 at/b

1 keV to 20 keV Harvey et al. [83] Transmission 3 samples 200.0 m

ORELA (1988) TOF 0.0124 to

0.175 at/b

Moxon analysis. In particular, the use of Macklin capture measurement and Harvey
transmission measurement extends the Resolved Resonance Region up to 20 keV.
The experimental transmission data of Harvey et al. were published in 1988 [83]. These
measurements were performed at a 201.6 m flight-path in the neutron energy range
1 keV to 100 keV at room temperature for sample thicknesses of 0.1748, 0.0396, and
0.01235 at/barn. The nominal resolution was about 0.01 ns/m in the neutron energy
range above 5 keV, and the analysis of these data allowed the resolved energy range
to be extended up to 20 keV.
The high resolution measurement of Macklin et al. were measured for incident neutron
energies between 1 keV and 100 keV at the ORELA 150 m flight-path, with a nominal
resolution of about 0.03 ns/m comparable to Harvey transmission resolution, with
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sample thicknesses of 0.0031 and 0.0124 at/b. The cross sections were normalized on
the area of very small resonances with an accuracy of 6 to 8%.
In the evaluation the RRR (1 eV ă En ą 20 keV) capture data were analyzed with the
SAMMY code simultaneously with the transmission data. For both the de Saussure et
al. and Macklin et al. capture data sets a correction factor was needed to agree with
the transmission data.

Moxon, 2006 [84] In 2006 M. C. Moxon reviewed the data obtained in 1968 at Har-
well, UK. The data have not been published but they are obtainable through the
EXFOR database [52].

Ullmann, 2011 [86,87]. Recently, a new measurement of 238U(nγ) cross section in
the energy range from 10 eV to 100 keV has been performed at the Los Alamos
Neutron Science Center (LANSCE) facility with the DANCE calorimeter. These data
have been released in march 2014, and therefore they are not yet available in the
EXFOR database.

1.8 Summary

Nuclear reactions induced by neutrons are of fundamental importance for Nuclear As-
trophysics, fundamental Nuclear Physics and Nuclear Technologies. In this chapter we
focused the attention on this latter field, which is related to the energy-production via
nuclear reactors.

An outlook on the global energy issue has been given, describing the situation of the
present energy resources and giving different possible scenarios for the future. Among
them, nuclear energy seems to be a necessary option to reduce greenhouse-gas emissions,
with the further advantage of being considered a source of energy that improves energy
security and adds stability to electricity costs.

Despite the tendency of OEDC countries to phase-out nuclear, enhanced after the
Fukushima accident in Japan, the R&D of new nuclear reactors is ongoing, and is leading
towards new generations of reactors intrinsically safe and with the capacity of burn
radioactive waste. These new technologies have been briefly presented, paying particular
attention to fast neutron reactors, Generation-IV reactors and accelerator driven systems.
All these new concepts need accurate and precise nuclear data to be efficiently designed.
To this purpose, the different nuclear data libraries have been presented, together with
the experimental databases.

After this general introduction, the role of the 238U(n,γ) reaction cross section has
been investigated. It enters in the calculations of fast and thermal reactor parameters as
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the effective multiplication factor or the reactivity coefficient, which govern the behaviour
of the reactor core. Moreover, from the capture cross section on 238U depends the density
of Pu isotopes at the end of fuel cycles.

The importance of this cross section led to several measurements in literature, the most
significtive of which have been presented. Nevertheless, inconsistencies are still present
in the high energy region, while the Nuclear Energy Agency addressed as priority the
reduction on the cross-section uncertainty down to 1-3% for the resolved resonance region.
To this purpose, three independent measurements were scheduled within task 1.2 of the
EU ANDES project at the GELINA (JRC-EU-IRMM laboratory, Belgium) and n_TOF
(CERN, Switzerland) facilities.

The aim of this work is to analyze the data collected at n_TOF with C6D6 scintillators,
with the result of providing the 238U radiative capture cross section in an energy region
between 1 eV and 480 keV.





Chapter 2

Neutron induced reactions

The occurrence of sharp resonance peaks in the reaction cross-sections observed at low
incident neutron energies is one of the most visible and distinctive feature of neutron-
nucleus reactions. Since the neutron is electrically neutral, it has no Coulomb barrier
to overcome and can directly interact with the atomic nucleus even at very low kinetic
energies. The cross section can therefore display variations of several orders of magnitude
on an energy scale of few electron-volts. In this chapter the concept of neutron-nucleus
cross sections will be introduced with particular attention paid to the case of the com-
pound nucleus mechanism for nuclear reactions. The R-matrix theory and its practically
useful approximations for the description of neutron-induced reactions will be discussed
as well.

2.1 Nuclear reactions induced by neutrons

In typical nuclear reactions an accelerated projectile a impinges on a target X (usually
at rest in the laboratory frame reference) generating the reaction products b and Y , and
this is usually written with the compact notation X(a,b)Y. In neutron-induced reaction
the projectile is the neutron itself (a=n), while the products depend on the reaction
occurred (radiative capture (b “ γ), elastic scattering (b “ n), fission (b “ f ), . . . ).
The reaction cross section σ is a physical quantity that represents a measurement of the
relative probability for a reaction to occur. As an example, a detector placed to record
particle b emitted in a direction pθ,φq with respect tho the incident beam direction is
considered. Let the current of incident particles be In neutrons per unit time, and let the
target show to the incident beam N target nuclei per unit area. If the outgoing particle
b are detected with a rate Rb the reaction cross section is

33
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σ “
Rb

InN
, (2.1)

and has the dimension of an area. Indeed, if neutrons were classical point particles and
nuclei were solid spheres the cross section would simply be the target geometrical area
seen by the incident neutrons. Actually, σ can be very much smaller or larger than this
cross-sectional area, and can be though of as a quantity which has the dimension of an
area and is proportional to the reaction probability.

Usually, more than one process occurs at a time when a neutron interacts with a given
nuclide. These variety of nuclear reactions give rise to different cross-sections, referred to
as reaction cross-sections, being the total cross-section defined as the sum of all:

σtot “ σelastic scattering ` σradiative capture ` σfission ` . . . (2.2)

The neutron-capture processes can be divided in resonant and non-resonant interaction.
The resonant capture reaction can be described as a series of two-body interactions [89]
within Fermi’s description of excitations of particle-hole configurations. The entrance
channel is composed by a one-particle-zero-hole state (1p-0h with respect to the target
nucleus), which is excited to the so-called doorway states (2p-1h or collective modes)
and, through an extremely complex configuration of a many-particle-many-hole state,
is led to a statistical equilibrium involving many nucleons and forming the compound
nucleus (see Section 2.1.1). In non-resonant direct reactions, as the opposite reaction
mechanism to compound nucleus reactions, the incident neutron interacts directly with
one or few nucleons without perturbing the core. This process is also indicated as a
1p-0h interaction. The contribution of direct neutron reactions on heavy nuclei become
important at neutron energies above 10 MeV, where the De Broglie wavelength of the
neutron is of the order of the nucleons size.

Cross sections of neutron-induced reactions are completely different from one isotope
to another because they are related to the nuclear structure of the nucleus. Furthermore,
reaction cross-sections strongly differ each other and depend on the energy of the inci-
dent neutrons. For instance, neutron cross-sections on 238U isotope for radiative capture,
fission and elastic scattering are shown in Figure 2.1 on an energy scale spanning more
than ten decades. From the figure, up to four energy regions can be identified attending
to the shape of the neutron cross-sections:

Thermal and epithermal regions. Between 0.0253 eV (thermal point) and the first
resonant structure in the eV region cross sections are found to be smooth and inversely
proportional to the square root of the energy (σ „ 1{

?
E „ 1{v), that is proportional

to the time that the incident neutrons spend in the vicinity of the target nucleus.
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Resolved Resonance Region (RRR). Between a few eV and several keV, depend-
ing on the specific isotope, cross sections show large peak to valley variations. The
structures that can be identified are called resonances, and in this energy range are
well separated with a mean distance between them (called level distance D) large
compared to their natural width Γ and the instrumental resolution ∆R. The nature of
these resonant structures is related to the existence of quasi-stationary levels of the
compound nucleus which will be discussed in Section 2.1.1.

Unresolved Resonance Region (URR). With increasing neutron energy the reso-
nances start to overlap, because although the resonant structures still exist (D ą Γ),
resonances can no longer be resolved due to the limited instrumental resolution
(D ă ∆R) with the result of a smooth cross section.

High energy region. As the neutron energy increases, many more reaction channels
corresponding to threshold reactions open up. The distance between resonances is
much smaller than their intrinsic widths (D ă Γ) and resonant structures can not be
observed any more.

All these neutron-induced reactions, whose importance was pointed out in the previous
chapter, need to be investigated with high accuracy and precision. However, because of
the extreme complexity of the nuclear system in the RRR, no nuclear model is accurate
enough to calculate the cross sections from basic principles, and therefore experimen-
tal measurements are fundamental to complement theoretical predictions. Nevertheless,

Fig. 2.1: Neutron capture, fission and elastic scattering cross sections on 238U. Data from JEFF-3.2 library.
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to establish a reliable database of reaction cross-sections, experimental data should be
parametrized by theoretical reaction models. In particular, in order of increasing energy,
the following theories and models are employed [90,91]:

R-matrix theory. Used to describe thermal and RRR, its basic feature is the devel-
opment of a complete set of formal states defined in a volume of nuclear size. The
development is done by the imposition of some fixed boundary condition on the sur-
face of this volume (parameters: level energies, level spin, partial widths) [90, 92–94].
See Section 2.2.

Level-statistical (Hauser-Feshbach) theory. In the URR the properties of the nu-
clear levels become apparent as values averaged over many resonances, and can be
predicted by nuclear models (parameters: level density, strength functions and av-
erage partial widths, or the equivalent channel transmission coefficient) [95–97]. See
Section 2.3.

Optical model. It is introduced to access neutron cross-sections at very high neutron
energies, where cross-section measurements become extremely difficult (parameters:
radius depth, diffuseness and deformation of the real and imaginary potential well).
For more details see [22,98].

These parametrizations are needed in view of the fact that in practical applications, like
nuclear reactor calculations or stellar nucleosynthesis models, neutron cross-sections are
used in terms of resonance parameters. The use of parameters instead of high-resolution
data from measured cross-sections ensures consistency between partial and total cross-
sections, permits inter- and extrapolation into region where no experimental data are
available, and guarantees the consistency with physical limits1. Furthermore, experi-
mental data are affected by resolution, Doppler broadening and multiple scattering (see
Chapter 4) and the most effective way to calculate the correction factors is through a
resonance parameter analysis of the data.

2.1.1 Compound nucleus

The compound nucleus mechanism was initially suggested by Niels Bohr [99] to explain
the resonant structures observed in neutron-nucleus reactions. The basic idea of this
mechanism is that a collision between a neutron and a nucleus will pass through the
formation of a compound system of remarkable stability. Typical resonance widths Γ are

1 A typical physical constraint is the unitary limits for the total cross-section in each reaction channel: 0 ď σc ď

4πo2cgc . The upper limit depends on the characteristics of the compound nucleus formed in the reaction, all the
details will be presented in the further discussion.
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measured to be in the order of the eV, with a corresponding life time of the compound
nucleus in the order of τ “ ~{Γ » 10´15 s. Considering that the typical time interval
used by a neutron to cross a nucleus without interacting is in the order of 10´21 s, it is
clear that the duration of the encounter between the neutron and the nucleus is much
larger than it would be considering direct interactions. Within this scenario, the excess
energy brought by the incident neutron will be rapidly divided among all the nucleons
with the result that for a subsequent time interval (i.e. the mean life of the compound
nucleus) no single particle will possess sufficient kinetic energy to leave the nucleus. This
complex configuration corresponds to a well defined nuclear state with defined energy,
spin and parity. Symbolically, a nuclear reaction induced by neutron could be expressed
as:

n ` A
Z
X ÝÑ

A`1
Z
X˚ ÝÑ Y ` b. (2.3)

Usually, n ` A
Z
X is referred to as the entrance channel while Y ` b as the decay or exit

channel. As previously outlined, a reaction proceeding through the intermediate state
of the compound nucleus could be considered as a two-step process: the formation and
the subsequent decay of the compound nucleus itself. In Figure 2.2 a diagram of such a
reaction is shown. A given compound nucleus A`1

Z
X˚ has various possible way to decay,

which must be considered as separate competing processes and independent of the way
how the compound nucleus was formed, always respecting conservation of energy and
angular momentum. The decay probability depends only on the total energy given to the
system, which is the sum of the neutron binding energy Sn and the neutron kinetic energy
in the center of mass frame system Ecm

n . Providing that the kinetic energy in the lab
frame of the target nucleus is negligible comparing to the neutron one2, the relationship
Ecm
n “ rA{pA ` 1qsEn holds, where En is the neutron kinetic energy in the lab frame.

Therefore, the energy given to the compound nucleus can be expressed as:

E˚ “ Sn `
A

A` 1
En . (2.4)

After the formation of the highly excited state by an incident neutron, the compound
nucleus can decay by emission of gamma radiation, referred to as radiative neutron-
capture process, or by an emission of a neutron, which is elastic scattering. If the incident
neutron kinetic energy is high enough threshold reactions are possible, like inelastic
scattering in which a neutron is emitted with lower energy with respect to the elastic
scattering, leaving the target nucleus in an excited state. Furthermore, if the excitation
2 This assumption is always true for neutron energy in the lab frame higher than 10 eV. For lower energies,
anyway, En is completely negligible with respect to the neutron binding energy Sn and so the approximation
remains valid.
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Fig. 2.2: Schematic view of formation and decay of a compound nucleus with 239U values of level spacing and
neutron separation energy. The resonances observed in the reaction cross section correspond to the
excitation of the nuclear levels. Figure from [100].

Fig. 2.3: Breit-Wigner shape of the energy profile (right) of a quantum state with a finite lifetime τ (left). Figure
from [100].

energy E˚ is higher than the fission threshold, fission as decay channel is energetically
allowed.

All these reactions show resonant structures in the cross sections, with resonance
energies corresponding to the excitation of the nuclear levels in the compound nucleus.
The shape of a resonance is a peculiar characteristic of the reaction and is related to
the involved widths. As previously pointed out, the total width of a given resonance
Γ is correlated to its lifetime τ by the Heisenberg uncertainty principle Γτ „ ~. This
equivalence in the time and energy domain is illustrated in Figure 2.3.
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Because each exit channel is to be considered independent according to Bohr’s com-
pound nucleus mechanism, to each exit channel would correspond one reaction width Γr
(where r stands for the type of reaction occurred, i.e. γ for radiative capture, n for elastic
scattering, f for fission, etc.). The total width Γ of the level is therefore the sum of the
reaction widths of all the possible decay modes. The probability to decay via a channel
r is given by:

Pr “ PCN
Γr

Γ
, (2.5)

where PCN corresponds to the probability of formation of the compound nucleus.
The shape of isolated resonances in reaction cross-sections is fitted with good approx-

imation by the Breit-Wigner formula, obtained with a perturbative treatment of nuclear
forces [101] adapted from the Weisskopf-Wigner theory of atomic reactions [102] as:

PpEq “
Γ{2π

pE ´ ERq
2
` Γ2{4

, (2.6)

where ER is the energy of the resonance. Problems arise when trying to interpret the
values of the parameters obtained from such a fit, which can give absurd results because of
the inexact bases of the formulation. In the Breit-Wigner approach the resonance shape,
in fact, depends only on the condition that the reaction proceeds through an isolated,
long-lived, intermediate state, ignoring the reasons behind the long lifetime. For this
reason, it can be perfectly reproduced by a perturbative formula. However, it is worth
noticing that in atomic reactions the excitation energy is concentrated on a single electron
and the long lifetime is due to the weakness of the coupling of this e´ with the radiation
field, justifying the perturbative approach and leading to correct results. On the contrary,
in nuclear reaction the strength of the nuclear force leads to a sharing of the available
energy among many nucleons, being the long lifetime related to the small probability of
the energy to be concentrated in a mode such to open (i.e. made energetically allowed)
a decay channel. The approach with a perturbative theory is therefore unsatisfactory
and was removed with the introduction by Wigner and Eisenbund [92] of a rigorous
theory of reaction, not dependent upon any particular physical picture or mathematical
approximations: the R-matrix theory.

2.2 R-matrix formalism

An extensive and detailed overview of the R-matrix theory was given by Lane and
Thomas [93] in 1958 and more recently by Fröhner [90]. The idea behind the R-matrix
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formalism is to express the cross section in terms of the properties of the eigenstates of
the compound nucleus such as energy, spin, parity and a set of reaction widths related
to the different decay modes of the compound nucleus itself. To find these parameters
the incoming and outgoing wave functions of the nuclear system (i.e. the wave functions
before and after the reaction) must be matched to the internal wave function, which
represents the nuclear system of two particle so close to form a compound nucleus. In
this case the potential is extremely complicated, but it is always possible to expand the
wave function in its eigenstate to extract the needed properties without providing any
information on the forces inside the nucleus.

A basic assumption of the theory is the existence of some finite radial distance ac ,
called interaction or channel radius, which can be considered as the separation between
two geometrical regions in which the neutron-nucleus system is split. When the distance
between the neutron and the nucleus is smaller than ac all the nucleons interact with
each other and form the compound nucleus. For distances higher than the interaction
radius, on the contrary, the interaction between the neutron and the nucleus is negligible
because of the short range of nuclear forces. To give ac a physical significance, the idea
is to choose it equal to the sum of the radii of the colliding particles. Considering a
neutron-nucleus system the interaction radius can be written as [103]:

ac » 1.35 A
1
3 fm, (2.7)

where A is the mass number of the target nucleus.
In describing nuclear reactions it is customary to use the concept of channels, which

in the framework of R-matrix theory will include only two particles. A channel is fully
specified by

α, the partition of the compound system into reaction partners (as an example, 238U
+ n or 239U + γ are both involving the same compound nucleus),

J, the total angular momentum in units of ~,
`, the orbital angular momentum in units of ~,
s, the channel spin in units of ~.

Being I the spin of the target nucleus and i the spin of the incident neutron in a neutron-
nucleus reaction, the channel spin and the total angular momentum are given respectively
by:

s “ I` i i.e. |I ´ i| ď s ď I ` i, (2.8)

J “ ` ` I` i “ ` ` s i.e. |` ´ s| ď J ď ` ` s, (2.9)
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where bold letters stand for vectors. Total energy, total angular momentum and par-
ity (for all practical purposes) are conserved in nuclear reactions. Considering neutron-
induced reactions, the resonance parity π is given by the product of the parity of the
target nucleus πN and the factor (-1)`

π “ p´1q`πN . (2.10)

The so-called statistical spin factor gJ is related to the probability of getting a total
angular momentum J from the intrinsic spins of the colliding partners, i.e. the spins I of
the target nucleus and i of the incident neutron:

gJ “
2J ` 1

p2i ` 1qp2I ` 1q
. (2.11)

In other words, gJ is the ratio between the 2J`1 substates of the compound system and
the number of substates of the initial system consisting of a free neutron, with 2i`1 “ 2

substates (the spin of the neutron is 1{2), and the target nucleus, with 2I ` 1 substates.
For a given ingoing wave in the channel c, leading to an outgoing wave in the channel

c1, the partial neutron cross-section σcc1 for total spin J may be expressed in terms of
the collision matrix U:

σcc1 “ π o2c gJ |δcc1 ´Ucc1 |
2, (2.12)

with

Ucc1 “ UJ
α`s,α1`1s1 and δcc1 “ δαα1δ``1δss1 . (2.13)

The elements Ucc1 of the collision matrix describe the modification of the `-th outgoing
partial wave relative to the case without interaction, and the amplitude |Ucc1 |

2 repre-
sents the probability of a transition from channel c to channel c1. The kinematic factor
πo2 relates the probability and the cross section (for further details see [22, 93]). The
Kronecker symbol δcc1 arises from the fact that incoming and outgoing particles could
not be distinguished if c “ c1.

In practice, channel to channel cross sections are not useful. The reason is that exper-
imentally one can measure only the partitions α summing over all the values of ` and s,
not the specific channel c. Therefore, what one is interested in is the cross section of the
transition α Ñ α1 for the component of a given total angular momentum J. The reaction
cross section is thus obtained by:

σαα1p jq “ π o2α gJ
ÿ

`,`1,s,s1

|δ``1,ss1 ´U`s,`1s1 |
2. (2.14)
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Because of the Kronecker symbol, the expressions obtained for the cross section are
thus simplest for total and most complex for elastic scattering cross-sections. Reaction
cross-sections with α ‰ α1 quadratically depends on the Ucc1 :

σαα1 “ π o2α gJ
ÿ

`,`1,s,s1

|U`s,`1s1 |
2. (2.15)

Total cross sections can be derived from Eq. 2.14 by summing over all α1. From the
unitarity of the collision matrix U,

ř

c1 |Ucc1 |
2 “ 1, follows that the total cross-section

for an entrance channel c is a linear function of Ucc :

σc ” σαp jq “ 2π o2α gJ
ÿ

`,s

p1´ Re U`s,`sq. (2.16)

For elastic scattering cross-section, Eq. 2.14 leads to a tangled expression:

σαα “ π o2α gJ
ÿ

`,s

´

|1´U`s,`s |
2 `

ÿ

`1,s1‰`,s

|U`s,`1s1 |
2
¯

. (2.17)

Therefore, it is more convenient to calculate σαα as the difference between the total
cross-section (given by Eq. 2.16) and the other partial cross-sections (given by Eq. 2.15),
rather than directly from Eq. 2.14.

These equations are quite general to describe two body reaction cross-sections. The
R-matrix theory allows to express the collision matrix U in terms of the matrix R as
follows (see Lane and Thomas [93] for detailed calculations):

Ucc1 “ e´ipϕc`ϕ
1
cq
!

δcc1 ` 2iP1{2
c

”

p1´RLoq
´1R

ı

cc1
P1{2
c1

)

, (2.18)

Rcc1 “
ÿ

λ

γλc γλc1

Eλ ´ E
, (2.19)

Lo
cc1 ” Lcc1 ´ Bcc1 “ pSc ` iPc ´ Bcq δcc1 , (2.20)

where bold letters stand for matrices.
Within the description via the R-matrix formalism three groups of physical quantities

appears in Eq. 2.18 for the collision matrix:

Resonance parameters. The eigenvalues of the problem can be identified with the
formal level energies Eλ , while the square of so-called reduced width amplitude γ2λc is
related to the probability for decay (or formation) of the compound state λ via exit (or
entrance) channels c. According to the R-matrix theory, the γλc are real, independent,
and have normal distribution with zero mean [104]. All these parameters are folded in
the R-matrix formulation as in Eq. 2.19, each level contributing as one sum term.



2.2 R-matrix formalism 43

Hard-sphere phases ϕc and logarithmic derivatives Lc . They depend only on
the known incoming and outgoing radial wave functions Ic and Oc at the channel
radius ac . The hard-sphere scattering ϕc “ tan´1

`

Im Ocpacq{Re Ocpacq
˘

is associ-
ated to the elastic-scattering processes in which incoming neutrons are scattered by
nucleus potential without forming any compound state (for further details see Lane
and Thomas [93]).
Defining Lc as the logarithmic derivative of the outgoing wave function at the channel
radius ac , Lcc1 “

“

rc B ln Oc{Brc
‰

rc“ac
, one can obtain the shift factor Sc ” Re Lc and

the penetrability Pc ” Im Lc . It is worth noticing that for neutron-induced reactions
the penetrability is defined by the centrifugal-barrier penetrabilities only.

Boundary conditions Bc at the channel radius ac . They define the eigenvalue prob-
lem with eigenvalues Eλ , and their choice is largely a matter of convenience. The chan-
nel radius is defined as in Eq. 2.7, while for neutral projectiles a good choice for the
boundary condition is Bc “ ´` [90]. In fact, being the hard-sphere phase factor and
the logarithmic derivative for incident neutrons

L0 “ ikcac “ iP0, L` “ ´` ´
pkcacq2

L`´1 ´ `
, (2.21)

ϕ0 “ kcac , ϕ` “ ϕ`´1 ` argp` ´ L`´1q, (2.22)

the choice of Bc “ ´` simplifies the R-matrix expressions and eliminates rigorously
the shift factor Sc for s waves (` “ 0).

In practical analyses of neutron cross-sections, the collision matrix is usually expressed
in terms of the level matrix A:

Ucc1 “ e´ipϕc`ϕ
1
cq

ˆ

δcc1 ` i
ÿ

µ,λ

Γ
1{2
λc Aλµ Γ

1{2

µc1

˙

, (2.23)

Γ
1{2
λc “ γλc

a

2Pc , (2.24)

pA´1qλµ “ pEλ ´ Eq δλµ ´
ÿ

c

γλc Lo
c γµc , (2.25)

where Roman subscripts refer to reaction channel and Greek subscripts to compound-
nucleus levels. The basic resonance parameters Eλ and γλc depend on the unknown
nuclear interaction, and therefore can only be obtained as fit parameters adjustable to
experimental cross-section data. For this reason, the cross-section formulae are usually
written in terms of experimental observables such as the channel width Γλc rather than
in terms of decay amplitudes. The channel width is related to the square of the reduced
width amplitude (referred to as reduced level width) via the penetrability Pc , as can be
inferred from Eq. 2.24:
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Γλc “ 2 γ2λcPc . (2.26)

Inverting this equation one can find the reduced width amplitude and therefore the
R-matrix elements as in Eq. 2.19.

The practically important variants of the R-matrix formalism are the the Single and
Multi Level Breit-Wigner formalism, usually referred to SLBW and MLBW approxima-
tions [101], and the Reich-Moore approximation [105].

2.2.1 Approximation to the R-matrix formalism

As previously introduced, resonance parameters could be only obtained through a com-
parison between experimental data and calculated cross sections. However, in the calcu-
lation of total and partial cross-sections the inversion of the level matrix A required by
the R-matrix formalism is, if not impossible, extremely complicated. Therefore some as-
sumptions are needed, each one corresponding to a different approximation of the theory,
being the Reich-Moore the most and the SLBW the least accurate.

2.2.1.1 Single Level Breit-Wigner approximation

Before the R-matrix theory was introduced, the Breit-Wigner one-level resonance formula
was used to parametrize cross-section data in the resonance region. Afterwards, the
SLBW may be seen as an approximation of the R-matrix formalism if only one level is
considered, that is with the condition that the level width Γ is much smaller than the
level spacings D. Neglecting all levels apart from one, the inverse level matrix A from
Eq. 2.25 can be expressed as [90]:

pA´1qλµ Ñ Eλ ´ E ´
ÿ

c

Lo
c γ

2
c ” Eλ ` ∆´ E ´

iΓ
2
, (2.27)

where the level shift ∆ is the difference between the resonance energy E and level energy
Eλ , ∆ “ E ´ Eλ . The single level collision matrix U for s-wave (` “ 0) neutrons may be
therefore defined as follows:

Ucc1 “ e´ipϕc`ϕ
1
cq

˜

δcc1 `
i
a

Γc Γ
1
c

Eλ ` ∆´ E ` iΓ{2

¸

, (2.28)

with Γ “
ř

Γc representing the total width. Considering nuclear reactions induced by
neutrons (c “ n) passing through the formation of a compound nucleus with an effective
radius R “ ac , and choosing the boundary conditions in such a way that the level energy
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is the same as the resonance energy (i.e. ∆ “ 0), the collision matrix becomes

Unc1 “ e´ikR

˜

δcc1 `
i
a

Γn Γ
1
c

Eλ ´ E ` iΓ{2

¸

e´iϕ1c . (2.29)

The resulting total and reaction cross-sections for a given spin J in the case of kR “
R{o ! 1 are expressed as follows:

σn “ 4πgJ R2 ` 4πo2
gJΓnΓ

Γ2 ` 4pEλ ´ Eq2
´ 16πoR

gJΓnpEλ ´ Eqq
Γ2 ` 4pEλ ´ Eq2

, (2.30)

σnc1 “ 4πo2
gJΓnΓc1

Γ2 ` 4pEλ ´ Eq2
. (2.31)

As can be seen from Eq. 2.30 the total cross-section is a sum of three terms:

1. the potential or hard-sphere scattering cross-section σP “ 4πgJ R2, where R is the
effective radius of the compound nucleus;

2. a symmetric resonance term;
3. an asymmetric term arising from interference between potential and resonance scat-

tering.

Reaction cross-sections as expressed by Eq. 2.31 are intended for all the exit channels
different from the elastic scattering, i.e. c1 ‰ n. As pointed out before, for elastic scat-
tering the expression for the cross section becomes too complicated and it is convenient
to use σnn “ σn ´

ř

c1 σnc1 .
It is suitable to make the energy dependence of the reduced neutron wavelength o and

the neutron width Γn explicit. For the former, this dependence can be expressed through
the value of the reduce neutron wavelength o at the resonance energy or “ opEλq as:

o2 “ o2r
Eλ
E
. (2.32)

For the neutron channel widths Γn, instead, the energy dependence can be described
through the definition of the reduced channel widths for a given value of the orbital
angular momentum `:

Γ
`
npEλq “

P0pEλq
P`pEq

ΓnpEq
?

E
, (2.33)

expressing E in eV. The penetrabilities P` are given as the imaginary part of the loga-
rithmic derivative defined in Eq. 2.21. For s-waves (` “ 0) resonances this results in

ΓnpEq “ Γ0npEλq
?

E. (2.34)
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This energy dependence, together with Eq. 2.31, explains the 1/v behaviour on the low
energy side of s-wave resonance. The contribution from s-wave resonances to the radiative
capture cross section is approximately given by the following equation:

σγpEq “
π~2

2mE
gJ
?

E
Γ0nΓγ

E2
λ

, (2.35)

providing that the resonance is located at an energy Eλ much larger than E and Γ, i.e.
the cross section is calculated in an energy region distant, and below, the energy of the
first resonances. At thermal neutron energy this expression gives

σγpE “ 0.0253 eVq “ 4.099ˆ 106 gJ
Γ0nΓγ

E2
λ

(2.36)

By setting E “ Eλ in Eq. 2.30 and 2.31 the total and the radiative capture macroscopic
peak cross section for a given spin J can be determined as:

σtotpE “ Eλq “ 4πgJ R2 ` 4πo2
gJΓn

Γ
, (2.37)

σγpE “ Eλq “ 4πo2
gJΓnΓγ

Γ2
. (2.38)

2.2.1.2 Multi-Level Breit-Wigner approximation

Several resonances can be taken into account as a sum of Breit-Wigner single level cross
sections. This is the most simple treatment of cross sections of many resonances, and it
neglects any possible interference between channels and levels. The Breit-Wigner multi-
level (MLBW) approach sums over the levels in the collision matrix. In the inverse of the
level matrix A all off-diagonal elements pA´1qλµ are neglected, which means neglecting
all interference terms between channels, but not between levels. Therefore the inverse
level matrix could be expressed as:

pA´1qλµ “ pEλ ´ E ` ∆λ ´
iΓλ
2
qδλµ , (2.39)

and the multi-level collision matrix U becomes:

Ucc1 “ e´ipφc`φc1 q

˜

δcc1 `
ÿ

λ

i
a

ΓλcΓµc1

Eλ ` ∆λ ´ E ´ iΓλ{2

¸

. (2.40)
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2.2.1.3 Reich-Moore approximation

This approximation was developed by C. W. Reich and M. S. Moore in 1958 [105] to
overcome the problems encountered in fitting the shape of some asymmetric fission cross
section resonances with the single-level Breit-Wigner formula. Their formalism is valid
in regions where the level widths are of the same order of magnitude as their spac-
ing, in which the multi-level Breit-Wigner approximation does not yield to an accurate
description of the cross sections.

The Reich-Moore approximation neglects the off-diagonal contribution of photon chan-
nel only in the level matrix A. Photon channels are those having as exit channel the decay
via γ rays emission, i.e. c1 “ γ. Providing that the number of photon channels is very
large, each channel having a decay amplitude comparable to that of the others and ran-
dom sign [104], the expectation value of the product of two decay amplitudes tends to
cancel for λ ‰ µ, i.e. xγλcγµcy “ γ2λcδλµ . Summing over all the photon channels (c P γ)
and neglecting all off-diagonal contributions from photon channels:

ÿ

cPγ

γλcγµc “
ÿ

cPγ

γ2λcδλµ “ Γλγδλµ . (2.41)

The inverse level matrix could therefore be simplified as:

pA´1qλµ “ pEλ ´ Eqδλµ ´
ÿ

cPγ

γλcLo
cγµc ´

ÿ

cRγ

γλcLo
cγµc (2.42)

“ pEλ ´ Eqδλµ ´ ΓλγLo
γ δλµ ´

ÿ

cRγ

γλcLo
cγµc (2.43)

“

ˆ

Eλ ` ∆λγ ´ E ´
iΓλγ

2

˙

δλµ ´
ÿ

cRγ

γλcLo
cγµc , (2.44)

with Lo defined as in Eq. 2.20. The level shift ∆λγ from photon channels is usually ab-
sorbed within the radiation width Γλγ, which is taken as constant considering a constant
Eλ .

Comparing this result to the general expression for the inverse level matrix as in
Eq. 2.25 it is clear that the approximation belongs to an eigenvalue problem with Eλ
replaced by Eλ ´ iΓλγ{2, and yields to the Reich-Moore R-matrix

Rcc1 “
ÿ

λ

γλcγλc1

Eλ ´ E ´ iΓλγ{2
pc,c1 R γq. (2.45)

This could be considered as a reduced R-matrix in the sense that it is defined over the
non-photonic channels only. The only traces of the eliminated photon channels are the
total radiation widths Γλγ in the denominators.
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Fig. 2.4: Scheme of the first γ levels of 239U.

The collision matrix is easily obtained inserting this reduced R-matrix in Eq. 2.18.
It is worth noticing that the reduced R-matrices customarily used in neutron resonance
analysis are of low rank, so that the inversion of p1 ´ RLoq is easy. The dimension for
fissile target nuclei is usually 3ˆ 3 (1 elastic and 2 fission channels) while for non-fissile
nuclei, for which the only energetically allowed process is the elastic scattering (c1 “ n),
the 1-channel Reich-Moore expression is sufficient. It is important to recall that radiative
capture (c1 “ γ) is always present but is averaged in the approximation and therefore
not included in the collision matrix elements. In most cases R-functions

Rnn “
ÿ

λ

γ2

Eλ ´ E ´ iΓλγ{2
, (2.46)

are used instead of R-matrices, so that for an s-wave the collision matrix is given by:

Unn “ e´2iϕ
1` ikanRnn

1´ ikanRnn
. (2.47)

Elastic (σn) and total (σtot) cross sections are obtained from Eqs. 2.12 and 2.16.
Radiative capture cross section σγ can be afterwards obtained as the difference

σγ “ σtot ´ σn . (2.48)

The Reich-Moore approximation to the R-matrix theory is adopted in this work within
the analysis of n`238U in the resolved resonance region. The validity of the approxima-
tion is ensured by the extremely high number of photon levels present in the compound
nucleus, namely 239U. Only above the neutron separation energy 9269 non-bound states
have been identified from experimental measurements of 238U(d,p) and 238U(n,γ) reac-
tion, and from 239Pu β-decay cross-sections. In Figure 2.4 a scheme of the first unbound
levels is shown. A complete description of the adopted γ-ray levels for 239U could be
found in Refs. [106–108] and references therein. For the 238U(n,γ) reaction at low en-
ergy 1 elastic scattering, 1 neutron capture and 2 fission channels are open. Therefore the
number of channel in the R-matrix is three, the photon channel being excluded explicitly.
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2.3 Average cross sections

The formalisms introduced so far to describe nuclear reactions induced by neutrons are
valid for the low energy region. With the increase of incident neutron energy, the level
widths become larger than the level spacing, and resonances start to overlap. The reasons
for this behaviour lie in the statistical properties of resonance parameters, which will be
described in Appendix A. In particular, the increase of the level density with increasing
excitation energy results in a smaller level spacing, while the average neutron widths
gets bigger with energy. Moreover, there are experimental effects that broaden resonance
widths such as the Doppler broadening and the resolution of the apparatus.

The net result is that at a certain energy, different for each nucleus, cross sections
cannot be described by measurable resonance parameters anymore, but can instead be
characterized by average parameters, resulting in average cross-sections. The theory de-
veloped by Hauser and Feshbach [95] expresses resonance-averaged cross-sections for all
reaction channels in terms of few physical meaningful average parameters, such as neu-
tron and photon strength functions, defined as the ratio of the average reduced width
over the level spacing, and level densities. These quantities are determined within a sta-
tistical description of the properties of resonance parameters that is called statistical
model (see Appendix A).

The average total cross-section could be expressed, by analogy with Eq. 2.16, as:

xσcy “ 2πo2c gJ p1´ RexUccyq (2.49)

where the average collision matrix elements xUccy is derived from Eq. 2.18 with c “ c1

xUccy “ e´2iϕc
1´ xRccyLo˚

c

1´ xRccyLo
c
, (2.50)

and the channel average R-matrix elements can be written in the form

xRccy “ R8c ` iπ sc . (2.51)

The parameters can be defined as follows:

ϕc : hard-sphere scattering phase shift;
Lo
c : logarithmic derivative (see Eq. 2.20);

R8c : distant-level parameter, which includes the effects of external levels;
sc : pole strength, defined in terms of the strength function Sc and the interaction

radius ac as sc “ Sc
?

E{2kcac , being kc “ 1{oc .
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The average parameters introduced in the formalism are the penetrabilities or trans-
mission coefficients Tc , corresponding to the formation of the compound nucleus through
the channel c:

Tc “ 1´ |xUcc1y|
2 “

4πPc sc
|1´ xRccyLo

c |
2
. (2.52)

For photon and fission channels, transmission coefficient for a given spin J are defined
by:

Tγ “ 2π
xΓγy

DJ
, (2.53)

Tf “ 2π
xΓf y

DJ
, (2.54)

being DJ the level spacing for levels with spin J.
For the partial widths a generalised Porter-Thomas distribution is assumed, i.e. a

χ2-distribution with ν degree of freedom:

p
`

γ2x |xγ
2
xy
˘

dγ2x “
e´y yν{2

G
`

ν
2

˘

dy

y
, 0 ă y ”

ν

2

γ2x

xγ2xy
ă 8, (2.55)

where G
`

ν
2

˘

is a Gamma function and

γ2x ”
ÿ

cPx

γ2c , (2.56)

xγ2xy “ νxγ2cy. (2.57)

Therefore, the non-elastic reaction cross-sections can be expressed in terms of trans-
mission coefficient Tc :

xσaby “ πo2agJ
TaTb

T

ż 8

0
e´iTγ{T

ź

cRγ

ˆ

1`
2Tc

νcT
y

˙´νc{2´δac´δbc

dy, (2.58)

where the quantities to the left of the integral sign are the Hauser-Feshbach expression,
and the integrand is the Moldauer prescription [109] for the width-fluctuation correction
factor. (A derivation of this expression, including the assumptions under which it is
derived, is provided in Ref. [110]). Here a represents the incident channel and b the exit
channel, while νc and Tc represent the number of degrees of freedom (multiplicity) and
transmission coefficient, respectively, for a given channel c. Subscript γ refers to photon
channels. The total transmission coefficient T is defined as the sum over all channels,
T “

ř

c Tc .



2.4 Doppler broadening 51

Measured average cross sections are reported in the evaluated libraries as point-wise
data. The importance of these data is that from them the level densities and strength
functions can be derived, and they serve also as a validation for optical model cross
section calculations.

2.4 Doppler broadening

In experiments at non-zero temperature the natural shape of a resonance does not cor-
respond to the observed one, and to take into account the temperature effects the cross
section needs to be convolved with Doppler broadening. The cause for Doppler broaden-
ing in nuclear reactions is the thermal motion of target nuclei in their atomic structure,
with a distribution of the velocity depending on the material and its temperature. This
movement of the target nucleus leads to a spread in the velocity in the center of mass
frame of a neutron approaching the nucleus with a constant velocity in the lab frame.

There are several models that describe the mechanisms that give rise to the Doppler
broadening [90], but for metallic samples the simple free gas model with a Maxwell-
Boltzmann distribution of the target nuclei velocities constitutes a good approximation.
Among these models, the non-zero temperature effect yields to a Gaussian broadening
of the resonances with a standard deviation at a resonance energy E0 given by:

∆θ “

d

4 kbT
M{m

E0 (2.59)

where M{m is the ratio of the masses of the target nucleus and the incident particle, and
kbT is the gas temperature in energy units (being kb the Boltzmann constant).

For cubic crystals the temperature T has to be substituted by the effective temperature
Teff defined as [111]:

Teff “
3

8
TD coth

ˆ

3

8

TD

T

˙

. (2.60)

Here TD represent the Debye temperature, which is a measure of the binding force holding
the atoms at their positions in the lattice, high for tightly bound and low for weakly
bound atoms.

Doppler broadening is often larger than the natural width of a resonance. Therefore,
for high precision cross-section measurements it can be advantageous to cool the target
sample, so that Teff approaches 3{8 TD. In any case, to be compared with experimental
data, the theoretical shape of a resonance must be modified by the Doppler broadening.
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2.5 Analysis of the experimental data

From the analysis of the observable quantities in total or partial (n,x) cross-section
measurements, the resonance parameters of the R-matrix formalism can be extracted.
Each resonance can therefore be totally described by means of these parameters, which
are for instance the potential scattering radius, the resonance energy E0, the neutron Γn
and radiation Γγ widths, and the spin and parity of the resonance (which determine the
resonance statistical-factor). A full set of resonance parameters can be determined by a
combination of different types of measurement [90,112], such as:

Transmission measurements, in which the measured quantity is called transmission
T and represents the fraction of an incident neutron beam crossing a given sample that
does not interact with the sample itself (see Section 4.1). This type of measurement
allows to determine the total cross-section and, through a comparison with the R-
matrix theory, the parameters

E0, Γn , Γ, g for ` “ 0, (2.61)

E0, gΓn for ` ě 0. (2.62)

Capture measurements, in which neutrons are captured in the sample with the
subsequent emission of γ-rays, which are detected to determine the capture yield Yc ,
i.e. the fraction of incident neutrons that undergoes an interaction with the sample
itself (see Section 4.2). From this measurement one can obtain

E0, Γγ if Γn and g are known and Γn " Γγ , (2.63)

E0, Γn if g is known and Γγ " Γn . (2.64)

Self-indication measurements, which combine transmission and capture measure-
ments: the neutrons pass trough a filter and then reach the capture detection setup
containing the same material of the filter as a sample.

To extract the resonance parameters from the experimental data it is very important to
understand the relation between the experimental observables and the resonance param-
eters and, in the long run, to identify a combination of complementary measurements
that should be performed.
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2.5.1 Resonance Area Analysis and capture kernel

The idea at the basis of the area analysis method is that the area of a given resonance,
observed in experimental cross-sections as a function of energy, represents the number of
events coming from the observed process and, therefore, is independent of the experimen-
tal resolution. Consequently, in the case of isolated resonances the simplest method to
extract resonance parameters from measured data is the area analysis [113], calculating
the resonance area from the experimental observables (e.g. capture yield Yγ and trans-
mission coefficient T) as the number of counts times the energy bin width. Considering a
well isolated resonance, the transmission (Atot), capture (Aγ) and elastic scattering (An)
areas are expressed as:

Atot “

ż

`

1´ e´nσtot
˘

dE, (2.65)

Aγ “
ż

`

1´ e´nσtot
˘ σγ

σtot
dE, (2.66)

An “

ż

`

1´ e´nσtot
˘ σn

σtot
dE, (2.67)

where the integration are performed over the energy range of the resonance. σtot, σγ

and σn indicates the total, capture and elastic scattering cross sections respectively, and
the sample thickness n is expressed in atoms per unit area.

To solve the integrals the Doppler broadening effects are neglected, and only the res-
onant part of the Single Level Breit-Wigner (SLBW) formalism is considered for the
parametrization of the total and capture cross-sections. Under these conditions, the
following asymptotic relations in the limit of a very thin (nσtot ! 1) and very thick
(nσtot " 1) sample can be found:

Atot(thin) “
1

2
πnσ0Γ “ 2nπ2o20gJΓn , (2.68)

Atot(thick) “
?
πnσ0Γ “ 2πo0

a

ngJΓnΓ, (2.69)

Aγ(thin) “
1

2
πnσ0Γγ “ 2nπ2o20gJ

ΓnΓγ

Γ
, (2.70)

An(thin) “
1

2
πnσ0Γn “ 2nπ2o20gJ

ΓnΓn

Γ
. (2.71)

Here σ0 “ 4πo20gJΓn{Γ is the total peak cross-section of the resonance, as defined in
Eq. 2.37 without the potential scattering term, and o0 is the reduced neutron wavelength
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at the resonance energy E0. The immediacy of this analysis method lays on the fact that,
for well isolated resonances, the left part of Eqs. 2.68 to 2.71 can be simply calculated
as the area subtended by the experimental data.

It is important to notice that the capture area Aγ is connected to the quantity

κ “ gJ
ΓγΓn

Γγ ` Γn
«

$

&

%

gJΓn when Γγ " Γn

gJΓγ when Γγ ! Γn
(2.72)

by the relationship Aγ “ 2nπ2o20κ. κ is called capture kernel and is the quantity usually
used to characterize the resonances in capture experiments.

As can be inferred from these relations, the reaction cross-section data resulting from
elastic scattering, capture and transmission measurements are complementary for the
area analysis method, and at least two among them are needed to determine the partial
widths.

In addition, combining capture and transmission measurements it is possible to verify
if the correct spin has been assigned to a given resonance. In fact, nuclear data libraries
classify resonances depending on the corresponding angular momentum `. As an example,
spin-parity and statistical spin factor values for 238U+n reactions are listed in Table 2.1.
A theoretical kernel-function κpΓnq can be therefore obtained by fixing the radiative
partial width Γγ to the mean of the Gaussian which best fits the experimental values (for
238U, Γγ “ 23 meV) and using different values for the statistical spin factor gJ .

To compare theoretical functions to experimental kernels, we plotted resonance kernels
as a function of elastic partial width Γn in the left panel of Figure 2.5. Values are taken
from ENDF/B-VII.1 evaluation [114]. From the figure it is visible that a group of reso-
nances identified as p-waves follows the g “ 3 kernel-function, possible only for d-waves
(` “ 2). The presence of these d-waves is confirmed also by the behaviour of Γn{

?
ER as

a function of the resonance energy, which is shown in the right panel of Figure 2.5. From
the plot three different groups of resonances can be clearly distinguished, corresponding
to three different angular momenta.

Table 2.1: Spin-parity and statistical spin factor values for 238U+n reactions.

` s Jπ gJ Wave

0 1
2 ˘1

2

` 1 s

1 1
2 ˘1

2

´, ˘3
2

´ 1, 2 p

2 1
2 ˘1

2

`, ˘3
2

`, ˘5
2

` 1, 2, 3 d
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Fig. 2.5: Check on the correct assignment of resonance spins in ENDF/B-VII.1 file. The resonance parameters
have been used to calculate experimental kernels for s-waves (g “ 1: black points) and p-waves (g “ 1:
red points, g “ 2: blue points). Dotted lines indicated theoretical kernel functions for g “ 1 (green),
g “ 2 cyan and g “ 3 magenta. It is visible that a group of resonances identified as p-waves follows
the g “ 3 distribution, possible only for d-waves.

The identified resonances with an incorrect spin assignment are in the energy range
10 ă ER ă 20 keV, where only the measurement by Harvey [83] is available. In this work
the Resolved Resonance Region extends only up to incident neutron energy of 3 keV,
and therefore can not help to clarify the issue. However, a revision of the resonance-spin
assignment in evaluated files is strongly suggested from this check.

2.5.2 Resonance Shape Analysis (RSA)

Despite the simple principles of the area analysis method, several difficulties arise once
it is applied to extract the parameters from experimental data. In fact, experimental
observables can be inserted in Eqs. 2.68 to 2.71 only after corrections for experimental
effects such as Doppler broadening, energy resolution of the spectrometer and, in the
case of capture measurement, multiple scattering. Therefore, when experimental mea-
surements have suitable energy resolution and statistics it is preferable to include these
effects by performing a full Resonance Shape Analysis (RSA). With this method reso-
nance parameters (E0, J, Γn , Γγ , . . . ) are extracted through a fit of the resonance shape
starting from experimental transmission and reaction yields. Applying the resonance
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shape analysis, the scattering radius can also be determined from the resonances, and
interferences between multiple resonances can be taken into account.

Providing a good knowledge of the resolution of the spectrometer, RSA is superior to
area analysis method since it utilizes all the information containing in the data. In an
ideal case without any additional broadening related to Doppler effects and experimen-
tal resolution, it is possible to determine from only one data-set the resonance energy,
the total resonance width and the peak cross-section. Adding to these quantities the
knowledge of the resonance spin all resonance parameters can be extracted. However,
the presence of additional broadening effects in real experimental measurements do not
allow an accurate determination of the total width. For this reason, even with RSA
additional complementary data, such as the ones from transmission measurements, are
required for the determination of the complete set of resonance parameters.

A further difficulty arises from the approximation to the R-matrix theory used for the
resonance shape analysis. Even exploiting the most accurate Reich-Moore approximation,
the R-function used (expressed in Eq. 2.46) can not describe completely the experimental
data. The complete R-matrix theory shows in fact that the cross section in a limited
energy range depends not only on the internal levels in that range, but also on the external
levels below and above. Within the approximations, however, levels of the compound
nucleus below the neutron threshold (bound state at En ă 0) are omitted. Although
they are unobservable and therefore unknown, problems arise in practical resonance
fitting if they are not introduced in the R-matrix formalism used. Since the number of
resonances per isotope is very large, a statistical treatment of the more distant levels
seems to be appropriate if a cross section is to be calculated at a given energy [90, 115].
Parameters of the negative resonances are adjusted in order to reproduce both the energy
dependence of total and capture cross-section data at thermal energy. In order to include
the contribution of external levels the Reich-Moore R-matrix is split into a sum over the
unknown external levels j and a sum over the known internal ones i:

Rnn “

iint
ÿ

i“0

γ2i n

Ei ´ E ´ 1Γiγ{2
`

jext
ÿ

j“0

γ2j n

E j ´ E ´ 1Γjγ{2
. (2.73)

The second term of the obtained R-matrix is the distant level parameter R8n , previously
seen in Eq. 2.51. It is practically defined through the effective potential scattering length
R1 for s-waves channel [116] as:

R1 “ anp1´ R8n q. (2.74)
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Even though the effective radius R1 is theoretically connected to the potential scattering
cross section (σP “ 4πR1) and the scattering cross section at low energies, in the R-matrix
shape analysis programs it is determined from the interference between the resonance
part and the potential scattering for s-wave resonances.

2.6 Summary

Nuclear reactions induced by neutrons have been here described in the mechanism of
the compound nucleus, and different energy regions have been identified where the be-
haviour of the cross section is significantly different. The two energy region of interest in
this work are the Resolved resonance Region (RRR), between few eV and several keV,
where resonance can be clearly identified because the level distance is large compared
to resonance widths, and the Unresolved Resonance Region (URR), at higher energies,
where the resonance structures overlap and the cross section needs to be averaged.

Neutron-nucleus reactions could be quantified in terms of the R-matrix theory, a rig-
orous formalism of nuclear reactions that expresses the cross section as a function of the
eigenstates of the compound nucleus such as energy, spin, parity and reaction widths.
For practical applications, assumptions are needed to simplify the solutions of R-matrix
theory equations, each one leading to a different approximation of the theory.

Different methods to analyze experimental data have been described, namely the area
analysis and the resonance shape analysis (RSA) methods. From the former a signi-
ficative quantity, called resonance kernel, can be identified. A practical application of
the resonance area analysis is presented to determine the correctness of 238U resonance-
spin assignment in ENDF/B-VII evaluation, from which shows up that for high-energy
resonances a revision of the spin assignment is strongly suggested.

Moreover, it is shown that exploiting the RSA a data analysis in terms of the
Reich-Moore approximation of R-matrix formalism gives precise and reliable results for
n`heavy-nuclei reactions. Therefore, in these cases (e.g. in the case of 238U(n,γ) reaction)
cross-sections of reactions induced by neutrons can be investigated both in the resolved
and unresolved energy regions. Particularly, physical parameters (resonance energy, reac-
tion and total resonance widths, strength functions, level densities, . . . ) can be extracted
from experimental data to calculate total and reaction cross-sections, both point wise
and through extrapolation and interpolation.





Chapter 3

The n_TOF facility

To study the resonant structures of neutron-induced reaction cross-sections, neutron
spectroscopic measurements are required, which determine with high accuracy the en-
ergy of the neutron interacting with the material under study. All the different methods
exploitable require a neutron source, which can be of completely different nature and
characterizes the different facilities. Moreover, cross sections can be measured either at
specific energies using mono-energetic neutron beams, or in the form of point-wise cross
sections exploiting pulsed beams, or as average values using a continuous energy neutron
beam. Among all the experimental techniques, point-wise cross-section measurements, in
the widest possible energy range, give the most complete experimental data-sets. These
measurements can be performed only by means of the time of flight (TOF) method. In
this chapter the different experimental conditions adopted in time-of-flight facilities will
be described. Among them we will focus on the n_TOF facility at CERN, the character-
istics of which make it particularly suited for high accuracy and precision measurements.

3.1 Experimental facilities for neutron beam production

The different experimental time-of-flight facilities can be classified depending on the
neutron production mechanism exploited and the length of their flight-path [117]. The
former one determines the characteristics of the neutron beam, such as the energy distri-
bution, the integrated and instantaneous neutron flux and the in-beam background. The
latter one determines the energy resolution of the spectrometer, which is an extremely
important parameter for a reliable data analysis and depends also on parameters related
to the neutron source, as will be described in Section 3.2.1.

Neutron cross-section measurements can be carried out at a continuous source using a
chopper [118] or at an accelerator-driven white neutron source operating in pulsed mode.

59
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Table 3.1: Characteristics of the time-of-flight facilities used for cross-section measurements.

Facility Ref. Type Particle Energy Target Pulse width Frequency Flight path length
(MeV) (ns) (Hz) (m)

GELINA [66] e´ 80 - 140 U 1 40 - 800 10 - 400
(EC-JRC-IRMM, Belgium)
ORELA (ORNL, USA) [65] e´ 140 Ta 2 - 30 1 - 1000 10 - 200
RPI (Troy, NY, USA) [119] e´ 60 Ta 7 - 5000 500 10 - 250

J-PARC/MLF-ANNRI [120] p 800 W 135 20 7 - 60
(Tokai, Japan)
LANSCE - Lujan center [121] p 800 W 135 20 7 - 60
(LANL, USA)
LANSCE - WNR (LANL,
USA)

[121] p 800 W 0.2 13.9ˆ 103 8 - 90

n_TOF (CERN, Switzer-
land)

[122,123] p 20ˆ 103 Pb 6 0.4 20 - 185

Choppers are mostly used in measurements at a reactor and are limited to the low energy
region. Nevertheless, their role is fundamental to produce consistent cross sections in the
thermal energy ragion, necessary to adjust the contribution of bound states (E ă 0).
Moreover, thanks to the high neutron flux of nuclear reactors, a very small amount of
material (in the order of micrograms or less) is sufficient, letting this method be suitable
to measure cross sections of highly radioactive materials.

For high-resolution neutron spectroscopy, a neutron source covering a broad energy
range is mostly used. To select incident neutron energies the time of flight technique
is needed (described in Section 3.2), which could only be applied with pulsed neutron
sources. They can be realized at electron- and proton-based accelerators, and the orig-
inally fast neutron spectrum produced could be moderated by means of hydrogen-rich
materials in order to increase the amount of low energy neutrons. The result is that such
machines could provide a neutron energy spectrum from tens of meV up to GeV.

In electron-based accelerators, high-energy electrons produce Bremsstrahlung radia-
tion in a target made out of material with a high mass number like Ta, Hg or U. Neutrons
are produced via photonuclear (γ,n) and (γ,2n) and photofission (γ, f ) reactions. On the
other hand, high-energy proton accelerators produce neutrons as secondary particles in
spallation reactions, with a very high yield of neutrons per proton striking a target of
heavy nuclei. In Table 3.1 the most significative TOF facilities are listed together with
their main characteristics. It is worth noticing that some facilities have several measure-
ment stations at different flight-paths so that experiments can be performed in parallel.

Another possible neutron source is constituted of charged-particle reactions, such as
7Li(p,n)7Be or 9Be(α,n)12C, combined with a pulsed charged-particle source. In this way
beams of either nearly monochromatic neutrons or with a broader energy spectrum are
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produced. This method results in cross-section measurements at specific neutron energies
or averaged over the customized incident neutron spectrum, providing accurate total and
capture cross-section data in the unresolved resonance region.

3.2 The time of flight method

As outlined before, in order to perform neutron time-of-flight measurements a pulsed
neutron source is required. In a relatively short time, corresponding to the pulse width,
neutrons with a broad energy spectrum are created. At a given distance, ranging from a
few meters to several hundred meters for high-resolution experiments, a target is placed
in the neutron beam and the detection setups are implemented.

The TOF technique can be applied to determine the velocity v of a neutron from the
time t it needs to travel the distance L. Experimentally, this time interval is derived from
the difference between a stop and a start signal, Ts and T0 respectively. The stop signal
Ts is determined from the detection of the reaction products emitted in the neutron-
induced reaction. The start signal T0 is provided by beam monitors. For instance, at the
n_TOF facility T0 is given when the proton beam pass through a monitor placed just in
front of the entrance of the production target, composed by a lead cylinder placed in a
moderation pool. This signal represents the time the neutron is produced. The observed
time of flight tm becomes

tm “ Ts ´ pT0 ´ toq, (3.1)

where to is a time offset mostly due to differences in cable lengths. This offset can be
deduced from a measurement of the so-called γ-flash, constituted of the γ rays originated
in the neutron-producing target and travelling along the beam. These γ rays are of very
high energy and produce a large signal in the detectors, usually saturating them as can
be seen in Figure 3.1.

The time of flight tm as defined in Eq. 3.1 is related to the velocity v the neutron has
at the moment it leaves the target and enters the beam pipe by:

v “
L
t
“

L
tm ´ ptt ` tdq

. (3.2)

Here L is the distance between the outer surface of the neutron-producing target and
the front face of the sample, and it is called flight-path. The additional term appearing
in the denominator is related to the uncertainties in determining T0 and Ts : tt is the
time difference between the moment the neutron leaves the target and the moment it is
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Fig. 3.1: Signal induced by the γ-flash in one of the scintillator detectors used for capture cross-section mea-
surements at the n_TOF facility. The signals saturate the detector blinding it for about 2 µs, meaning
that the highest energy reachable is En „ 1 MeV.

created in it, while td is the difference between the time of detection and the moment
the neutron enters the sample. The kinetic energy En of the neutron can be expressed
relativistically as:

En “ mc2 pγ ´ 1q , (3.3)

where m is the rest mass of the neutron, γ represents the Lorentz factor

γ “
1

a

1´ pv{cq2
, (3.4)

and c is the speed of light. The first term of the series expansion gives the classical
expression for the neutron kinetic energy:

En “
1

2
mv2 “

ˆ

α
L
t

˙2

. (3.5)

Taking the value of the speed of light c “ 2.99792458ˆ 108 m/s and m “ 939.6 MeV/c2

for the neutron mass, it results α « 722.983 when L is expressed in centimeters, t in
nanoseconds and En in eV [124].

From Eq. 3.3 the expression for the energy resolution ∆E of a TOF spectrometer can
be given as a function of the velocity resolution ∆v as:

∆En

En
“ pγ ` 1q γ

∆v

v
. (3.6)
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In the case of low neutron energy, where γ « 1, the relative energy resolution is twice
the relative velocity resolution. The latter can be obtained as a combination of the
resolution broadening due to the TOF t and the flight-path L represented by ∆t and ∆L,
respectively:

∆v

v
“

d

ˆ

∆t
t

˙2

`

ˆ

∆L
L

˙2

. (3.7)

The flight-path L can be determined by metric measurements with an uncertainty of less
than 1 mm (∆L ă 1 mm at full width half maximum (FWHM)). The TOF t corresponding
to the distance L depends on tm, tt and td as outlined in Eq. 3.2. As can be seen from
Eq. 3.7 the longer the flight-path, the better is the accuracy on the measured velocity,
and therefore the energy resolution of the spectrometer. A long flight-path, however,
leads to a drop in the neutron flux that goes as L2. For this reason the baselines of the
facilities are always a compromise between a good resolution and a high neutron flux,
depending on the requirements. More details on the n_TOF spectrometer are given in
Section 3.3.

3.2.1 Resolution function of a Time Of Flight spectrometer

The resolution function of a TOF spectrometer Rpt,Enq is the probability that a neutron
with energy En is detected with a corresponding time of flight t. It can be considered as
a convolution of different components:

• Finite duration of the accelerator burst of primary particles as e´ or protons (which
affects T0).

• Time resolution of the detector and electronics (which affects Ts).
• Neutron transport in the neutron source (tt).
• Neutron transport in the sample (td).

The first two components can both be represented by a simple analytical function, like
a normal distribution with a width independent of neutron energy.

In case of a moderated neutron beam, the broadening in time is dominated by the
neutron transport in the target-moderator assembly, i.e. the time component tt . Conse-
quently, resolution functions will strongly depend on the physics properties of the target-
moderator assembly (dimensions and materials). The distribution of this component can
be deduced from Monte Carlo simulations or approximated by analytical expressions.
Top panel of Figure 3.2 shows resolution functions due to the neutron transport in the
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Fig. 3.2: Top panel: Probability distribution of the time tt that a neutron spends travelling in the target-
moderator system of n_TOF. Bottom panel: Probability distribution of the equivalent distance λ that
a neutron travels in the target-moderator assembly of n_TOF. Both distributions are obtained from
FLUKA simulations of the n_TOF facility and are given in arbitrary units.

target-moderator assembly for the n_TOF facility obtained from FLUKA simulations.
As can be seen, these distributions strongly depend on the neutron energy. Response
functions of a TOF spectrometer can be more conveniently represented by introducing
an equivalent distance λ travelled by the neutron in the target-moderator assembly. The
equivalent distance is defined as λ “ vtt , where v is the velocity of the neutron at the
moment it escapes from the target-moderator assembly. This transformation of variables
results in probability distributions of λ which are less dependent on the neutron energy,
as shown in the bottom panel of Figure 3.2. Together with MC simulations, several ex-
amples of analytical expressions reflecting the neutron transport in the target-moderator
system have been proposed [125,126]. They all have two common features: an exponential
decay accounting for the primary neutron production in the target and a χ2 distribution
describing the probability distribution of the equivalent distance.
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Fig. 3.3: Neutron capture on 238U reaction yield calculated from ENDF/B-VII.1 parameters, comparing different
broadening: no broadening at a temperature T=0 K (black curve), only Doppler broadening at T=300
K (magenta curve) and Doppler + experimental broadening (blue curve). Experimental data are shown
in red. The n_TOF resolution function has been used for calculation, which, as can be seen, results in
an energy shift of the measured data together with their broadening.

Reaction cross-section measurements are mostly carried out on relatively thin samples
and therefore the impact of the time td can be neglected. However, in case of transmission
measurements the finite size of the detector needs to be addes to the final response. This
contribution is again best expressed in terms of an equivalent distance λd defined by
λd “ vtd . As the neutron transport, also this contribution can be estimated by Monte
Carlo calculations or approximated by analytical expressions.

The components of the resolution function are considered to be independent distribu-
tions, therefore they can be convoluted with each other to obtain the total shape of the
resolution function of the TOF spectrometer.

The effect of this spread in time (or equivalently in distance) is dual: first of all,
it broadens together with the Doppler effect the observed widths of the resonances.
Secondly, experimental data result with an energy shift with respect to the expected
energy as calculated via R-matrix formalism. The reason is that in the time to energy
conversion as in Eq. 3.5, the time interval at the denominator is the observed time of
flight obtained as described in Eq. 3.1, not taking into account the time (or the equivalent
distance) that a neutron travels within the target. Applying the resolution function to
experimental data results therefore in a shift to higher energies of the energy axis. The
two effects of the resolution function are shown in Figure 3.3.

Because of its crucial role in resonance shape analysis (see Section 2.5.2), R-matrix
codes like SAMMY [110] and REFIT [127] need a complete description of the resolution
function. It can be obtained with both an analytical description of all the different
components of the resolution function, and with a numerical input file obtained by MC
simulations. It is also worth mentioning that a facility based on spallation source, as
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n_TOF, has a more broaden resolution with respect to a white neutron source resulting
from photonuclear reactions such as GELINA and ORELA. This difference is mainly
due to the geometry of the target-moderator assembly, which is more compact for a
neutron source based on photonuclear reaction (size of the target „ 0.1 m) compared to
a spallation-based one (size of the target „ 0.5 m).

3.3 The n_TOF facility at CERN

The time-of-flight facility of CERN, called n_TOF, became operative in 2001, based on
an idea by Rubbia et al. [128], and since then it occupies a major role in the field of
neutron cross-section measurements. The facility ran from 2001 to 2004 (n_TOF Phase-
1) and, after a four years halt due to technical problem related to the neutron-producing
target, it resumed operation at the end of 2008 till the end of 2012 (n_TOF Phase-
2). During the Long shutdown 1 (LS1) of CERN [129] a second short flight-path [130,
131], complementing the existing 185 m one, has been constructed from May 2013 and
completed on the 25th of July 2014, starting the n_TOF Phase-3.

The pulsed neutron beam at n_TOF is produced by spallation of 20 GeV/c protons
from the CERN Proton Synchrotron accelerator on a water-cooled Pb target [122]. The
pulsed neutron source is used together with a moderation system, so that the n_TOF
neutron beam covers about eleven orders of magnitude in energy from thermal to GeV.
A scheme of the facility is given in Figure 3.4.

Fig. 3.4: Left: Layout of the n_TOF facility within the CERN accelerator complex [132]. The LINAC feeds
the PS-Booster, which provides the PS with protons of 1.4 GeV/c for acceleration up to 20 GeV/c.
This beam is extracted and sent to the n_TOF lead spallation target in bunches of 7ˆ 1012 protons.
The experimental hall is located near the end of the 200 m long neutron beam line. Right: Schematic
of the two different beam line of the n_TOF facility. The first experimental area (EAR1) is located
horizontally at a distance of 185 m from the neutron source, while the new experimental area (EAR2)
is located at 90˝ with respect to the proton beam direction with a flight-path of about 20 m.
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The spallation mechanism is a remarkably powerful source of neutrons, and at the
proton energy of 20 GeV of the CERN proton synchrotron about 300 neutrons per proton
are produced in the n_TOF spallation target. The instantaneous intensity of the n_TOF
neutron output is therefore one of the highest among the TOF facilities.

3.3.1 n_TOF neutron beam

Two different spallation targets have been used at n_TOF as neutron-producing targets.
The first one, cooled by a 5 cm water layer acting also as the moderator of the neutron
spectrum, had to be replaced after four years of operation due to damage caused in
some spots by inefficient cooling. The second target, installed in 2008, was equipped
with a more efficient cooling system based on water recirculating, and with a separate
moderator circuit to permit the use of different moderating materials. This target is
made of a monolithic cylindrical block of lead, with length of 40 cm and diameter of 60
cm. On the neutron exit face of the target opposite to the proton entrance one, cooling
is ensured by a water layer of 1 cm thickness, while moderation of the neutron spectrum
is performed with a 4 cm thick layer of either normal, heavy or borated water. Borated
water is now mostly being used to minimize the production of 2.2 MeV in-beam γ rays
from n`H Ñ 2H` γ, that constitutes the main source of background in measurements
of capture cross-sections in the keV neutron-energy region.

The innovative features of the n_TOF neutron beam derive from the characteristic of
the primary proton beam coming from the CERN Proton-Synchrotron (PS):

• a high momentum of 20 GeV/c, corresponding to the maximum attainable energy
within a magnetic cycle of 1.2 s of the PS;

• a high peak current of 7ˆ 1012 protons per bunch, with a width of 7 ns (rms);
• a low duty cycle of 0.5 Hz, which corresponds to up to six bunches per supercycle

(typically 16.8 s long).

These characteristics are at the origin of the very high intensity of the n_TOF neutron
source, of the order of 2ˆ 1015 neutrons/pulse.

The beam is extracted from the PS and sent onto the spallation target by using a
fast extraction system. In terms of peak intensity, the proton beam for n_TOF can be
considered among the highest for the PS, thanks to a special compression procedure that
allows to reduce the original pulse width of 14 ns to 7 ns. A more detailed technical
description of the facility can be found in [133,134]. The proton beam could be delivered
on target in two different operational modes:
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Dedicated mode. In this mode the nominal 7 ˆ 1012 protons bunch at 20 GeV/c is
sent to the target during a 1.2 s PS cycle fully dedicated to n_TOF. The bunch time
distribution has a Gaussian shape with 7 ns rms.

Parasitic mode. During the ramping of a slow ejection cycle for the East Hall, before
reaching the 24 GeV flat top, at an energy of 19 GeV a „ 3.5 ˆ 1012 p bunch is
extracted from the PS and sent to n_TOF. The advantages of running in parasitic
mode are in an easier scheduling, as the slow extraction cycles are present almost all
the time.

The proton intensity sent onto the target is measured pulse by pulse through a Beam
Current Transformer, BCT, located about 6 meters upstream with respect to the spal-
lation target in the proton beam line. As all the other transformers in the PS complex,
the value of the proton intensity is normalized by making periodical calibration proce-
dures. In order to detect any drift of this detector the signal given by a resistive Wall
Current Monitor, WCM or pick-up, is recorded [122]. This monitor, which is mounted
immediately after the BCT, provides a pulse in the n_TOF control room proportional
to the instantaneous proton beam intensity that is used both for normalization purpose
and to calibrate the time of flight.

3.3.1.1 Beam related background

At n_TOF one can distinguish three main sources of beam-related background:

1. neutron beam halo,
2. charged particles,
3. in-beam γ rays.

Thanks to the design of beam collimators and shielding, which will be briefly described
in the next Section, the neutron flux outside the beam is strongly suppressed. Moreover,
one can get rid of charged particles by placing magnets along the beam line.

On the other hand, the presence of neutral particles and γ rays can be only minimized
by geometrical consideration, but when present in the beam line they can reach the
measuring station. Photons are produced both in spallation reactions and during neutron
moderation, and can be separated into two groups: a prompt component resulting from
the spallation process itself, observed in the measuring station at 1 µs or less, and a
delayed component, mainly due to thermal neutron capture in the moderator and the lead
target, with arrival times between 1 and a few hundreds of µs. The prompt component is
the γ-flash previously outlined, and is used to determine the to of each pulse (see Eq. 3.1).
On the other hand, the γ rays of the delayed component arrive at the measuring station
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miming neutrons of a few keV energies. From MC simulations it was verified that the
strongest contribution is due to the neutron capture on hydrogen, which produces 2.2
MeV γ-rays, and therefore the use of moderator materials different than normal water
leads to a significative reduction of this background level. Other minors contribution are
due to photons with energies around 7 MeV resulting from the capture on lead, on the
Alluminum alloy container and on the iron target support.

3.3.2 The first experimental area (EAR1)

The first beam line operative at n_TOF is about 200 m long and is designed to clean as
much as possible the neutron beam from the secondary particles profusely produced in
spallation reactions. First of all, the beam line is shifted of an angle of 10˝ with respect to
the incident proton beam direction. With this solution the number of undesired secondary
particles is minimized, such as γ rays and charged particles, which are mainly produced
in the forward direction. Along the beam line a sweeping magnet is placed at 145 m
from the spallation target to deflect all the remaining charged particle in the beam, and
the tube has to cross iron and concrete shielding that stop particles travelling around
the beam. Two collimators are also present to shape the neutron beam: the diameter
of the beam tube is progressively reduced from 800 mm at the exit of the spallation
target to 400 mm before the first collimator, and at 175 m from the exit of the target a
reduction to a 200 mm diameter is placed before the second collimator and the entrance
of the experimental area. The first experimental area (EAR1), where the samples and
detection systems are placed, is a 7.9 m long room starting at 182.3 m downstream of the
spallation target. The beam line extends 10 m beyond the end of the experimental area
and ends in a beam dump consisting of a 49ˆ49ˆ47 cm3 polyethylene block containing
three radiation monitors. In Figure 3.5 a scheme of the beam line is shown.

Fig. 3.5: n_TOF beam line from the exit of the target to the end of the tunnel (about 200 m long).
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At the beginning of the second experimental campaign (n_TOF Phase-2), the ex-
perimental area was upgraded to a Work Sector Type A, with a series of safety and
monitoring systems, in order to allow measurements of high-activity samples without
certified sealing. This key modification was essential to exploit the full potential of the
facility.

3.3.2.1 Detection and data acquisition systems

The neutron beam of the n_TOF facility is constantly monitored by two independent
low mass devices, placed in-beam during experimental measurements without effecting
the neutron beam:

Silicon Monitor (SiMON). This small-mass system is based on a thin Mylar foil
with a 6Li deposit, placed in the neutron beam, and an array of silicon detectors,
placed outside the beam to detect the products of the 6Li(n,α)3H reaction [135]. The
small amount of material in the beam ensures a minimal perturbation of the flux and
minimizes the background related to scattered neutrons. Moreover, a further reduction
of the γ-ray background has been obtained by constructing the scattering chamber
hosting the device in carbon fiber. As the 6Li(n,α)3H reaction cross-section is known
with high accuracy with this system is possible to monitor the neutron beam from
thermal to about 150 keV.

MicroMegas. MicroMegas [136] are gaseous detectors based on simple geometry with
planar electrodes developed by Nobel Laureate G. Charpak. The gas volume is sepa-
rated in two regions by a so-called micromesh, a thin metallic foil (several µm) which
surface is composed of holes having a 35 µm of diameter and spaced on 100 µm. A
low electric field („ 1 kV/cm) is applied to the first region where the conversion and
drift of the ionization electrons occur. In the amplification region, a high field (40 to 70
kV/cm) is created by applying a voltage of a few hundred volts between the micromesh
and the anode plane, which collects the charge produced by the avalanche process. The
anode can be segmented into strips or pads. These detectors are very fast and therefore
well suited for high counting rates [137]. In order to operate MicroMegas as a neutron
detector, an appropriate neutron-to-charged particle converter must be employed. For
the n_TOF flux-monitor two solid converters have been chosen: 10B(n,α) for neutron
energy up to 1 MeV and 235U(n,f) for higher neutron energies [138]. The cross sections
of these two reactions are very well known in the cited energy intervals.

For capture measurements, two different detection systems have been set up: an ar-
ray of deuterated liquid scintillator detectors (C6D6), and a 4π BaF2 Total Absorption
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Calorimeter (TAC). The first apparatus is characterized by a low sensitivity to back-
ground signals induced by scattered neutrons, further minimized at n_TOF by the use
of carbon fiber for detector housing and support. For highly radioactive and fissile iso-
topes, in particular for minor actinides, capture measurements are performed with the
TAC, which permits the identification of capture events from competing reactions by
reconstructing the total energy of the γ-ray cascade. The relatively large neutron sensi-
tivity of the apparatus is reduced by hardware expedients. Both these detection systems
are discussed in detail in Chapter 4.

Different detection systems are exploited also for fission cross-section measurements.
A multi-stack Fission Ionization Chamber (FIC), used in the first campaign, has been
replaced in Phase-2 by a high-performance MicroMegas detector [136,139], characterized
by a better signal-to-noise ratio. A second method used at n_TOF relies on the detection
of both fission fragments in coincidence. To this purpose, a stack of position-sensitive
Parallel Plate Avalanche Counters (PPACs) is used, which also determines the angular
distribution of fission fragments [140,141]. In all fission measurements, the ratio method
is used, which consists in determining the cross section of a given isotope relative to that
of 235U, being a well established standard. To this purpose, reference samples of 235U are
always mounted in the detector in use and measured simultaneously.

The Data Acquisition System (DAQ) of the n_TOF facility, presented in detail in
Ref. [142], is fully digital, flexible and almost dead time free. The main advantage of
such a system is that it allows the offline analysis of the recorded pulses, using dedicated
pulse shape analysis (PSA) algorithms optimized for each detector type [143, 144]. For
each detected event the PSA routine records the useful information of the detector signal.
As an example, for capture measurements the energy deposited in the detector by γ-rays,
the time of flight of the event and the number of protons that hit the spallation target
are recorded for further offline analysis.

A scalable and versatile data acquisition system has been designed based on 8-bit flash-
ADCs with sampling rates up to 2GHz and 8 Mbyte memory buffer. For the 238U(n,γ)
reaction cross-section measurement two channels of Acqiris-DC270 digitizers working at
500 MSamples/s are used per detector. This system corresponds to 16 ms long data
buffers containing digitized signals of the C6D6 detectors for neutron energies between
0.3 eV and 20 GeV. A reduction in the sampling rate down to 100 MSamples/s extends
the measurable range of neutron cross-sections in the 1{v energy region down to 0.028
eV.

A fast zero-suppression algorithm selects only those data with an amplitude above
an user-defined threshold for each flas-ADC channel, reducing in this way the amount
of data to be stored. After the zero suppression, the raw data are sent to a temporary
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Fig. 3.6: Resolution function at the EAR1 sample position (185 m) of the n_TOF facility obtained from FLUKA
simulations. It is given as a distribution of the equivalent distance as a function of the neutron energy.
Left: For n_TOF Phase-1, in the range from 1 eV and 1 MeV neutron energy (picture from [150]).
Right: For the n_TOF Phase-2, in the range from 0.1 eV and 1 GeV neutron energy.

disk pool close to the measurement station and, once closed, to the CERN Advanced
STORage manager (CASTOR) [145].

3.3.2.2 Resolution Function

The resolution function (RF) of the first experimental area of the n_TOF facility
has been simulated in the start-up phase by two different codes, FLUKA [146] and
CAMOT [147], giving similar results within the available statistics. In n_TOF Phase-1,
the simulated resolution function results were used to derive an analytical description in
the range from 1 eV to 1 MeV [148], given the RF as a function of six energy-dependent
parameters. The form of the resolution function is known as the modified RPI function
and is present in the resonance shape analysis codes SAMMY and REFIT.

In the second phase of n_TOF, the new spallation target-moderator assembly has been
simulated again with FLUKA and MCNP [149] Monte Carlo codes for both the config-
uration with normal and borated water as moderator material. A numerical description
of the n_TOF resolution broadening has been made available in SAMMY and REFIT
R-matrix codes, which results in a very accurate description of the overall broadening
and provides more flexibility at the stage of data analysis. The two resolution functions
for Phase-1 and Phase-2 are shown in Figure 3.6.

Studying the simulations, it has been noticed that the effects of the different modera-
tors are significative only at very low neutron energy, where however broadening effects
are dominated by Doppler broadening [123, 148]. At higher energies, in the keV region,
there are essentially no differences between the configurations with normal or borated
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Fig. 3.7: Illustration of the various component contributing to the observed resonance widths as function of
neutron energy. Top: study of the 232Th isotope, Figure from [148]. Bottom: study of 238U isotope for
this work.

water as moderator of n_TOF Phase-2, but sizeable differences have been noticed with
respect to Phase-1 resolution function.

To further illustrate the impact of the resolution function, a number of relative widths
are displayed in Figure 3.7 for the case of 238U. They all correspond to the relative widths
at one half maximum (δE{E (FWHM)), except for the resonance spacing where D0{E
is displayed. In the figure, the individual broadening components (Doppler, resolution
function and proton pulse width) are displayed as dashed lines. The overall resonance
broadening is to be compared with the intrinsic widths (blue points) and resonance
spacing (pink solid line) of the 238U resonances (values are taken from the evaluated
library ENDF/B-VII.1 [114]). The comparison shows that the observed width for all
the resonances will be dominated by the experimental broadening, but also that the
broadening remains lower than the resonance spacing up to En „ 20 keV, allowing in
this way the differentiation of neighbouring resonances below this energy limit.



74 3 The n_TOF facility

Fig. 3.8: Left: Schematic drawing of the 20 m vertical flight-path and of the second experimental area that is
operative since the 25th of July 2014 at _TOF. A permanent magnet (in blue), a collimator just below
the experimental area, and a beam dump on top of the building will be used to shape the beam and
minimize the background in the measuring station. Right: First experimental setup in EAR2 with four
C6D6 scintillators.

3.3.3 The second experimental area (EAR2)

As previously outlined, a second experimental area (EAR2) has been just built at the
vertical of the spallation target, at the much shorter distance of 20 m than the first
measuring station. A schematic view of the new beam line is presented in Figure 3.8
together with the first measurement setup with C6D6 scintillators.

The present target-moderator assembly is designed to have a dedicated pool for mod-
eration materials only in the target face opposite to the one where the proton beam
impinges. For this reason, with a vertical beam-line only normal water can be used as
moderator, with the results of a consistent background due to in-beam γ rays. Following
the same idea of the first beam line, also along the second one a permanent magnet is
placed to deviate all the undesirable charged particle. Two collimators are present to
shape the neutron beam, the second of which is placed just below the floor of the ex-
perimental area and contains a Pb shielding for in-beam γ rays.The polyethylene beam
dump is covered with a B4C layer to reduce the back-scattering neutron background.

The extremely high neutron flux available in EAR2, approximately a factor of 25
higher than in EAR1, and the still reasonable energy resolution, will open the way to
a complete set of new measurements, currently not feasible at n_TOF (or at any other
facility around the world). In particular, the second experimental area will make feasible
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measurements of isotopes with very low cross section or available in very small quantity
(<1 mg). Moreover, the combination of the much higher flux and shorter time of flight
will make possible the measurement of neutron cross-sections of unstable isotopes with
very high specific activity, i.e. with half-life as short as a few years, thanks to a drastic
improvement of the signal-to-background ratio, being in this case the main background
related to the natural radioactivity of the sample.

The range of possible measurements, of interest for Nuclear Astrophysics and nuclear
technology, is rather vast, with the limitation related mostly to the availability of samples.
In this regard, samples of short lived isotopes of interest for Nuclear Astrophysics could
be produced by implantation of radioactive beams at the RIB facility ISOLDE at CERN.

Examples of measurable reactions are the (n,cp), very challenging measurements re-
lated to nuclear astrophysics and medicine, together with the studies of capture and
fission cross-sections on various unstable Pu and U isotopes of great importance for the
design of new nuclear systems.

3.4 Neutron flux

A fundamental piece of the puzzle of high precision and accuracy measurements of reac-
tion cross-sections is the point-wise knowledge of the incident neutron flux as a function
of energy. The knowledge of its energy dependence is as much important as knowing its
absolute value, considering that often cross sections are measured relative to some well
known quantity in a particular energy range as, for example, a standard cross section, the
cross section value at thermal energies or the capture yield at the top of a well isolated
saturated resonance.

At n_TOF the neutron flux was experimentally determined using several detection
systems based on different principles and reactions. A large effort has been devoted
to minimize all the possible sources of uncertainties, both systematic and statistical,
in particular on the energy dependence of the neutron flux. The measurements, their
analysis and their combination for the determination of the so-called evaluated neutron
flux are briefly presented here. All the details could be found in [151].

The neutron flux ΦpEnq is defined as the number of neutrons per incident proton
pulse (neutrons per bunch) and integrated over the full spatial beam-profile arriving
at the experimental hall with a given energy. It is extracted through measurements of
standard (i.e. extremely well known) reaction cross-sections of materials called neutron
converters, according to the relation [151]



76 3 The n_TOF facility

ΦpEnq “
CpEnq ´ BpEnq

εpEnq ¨
`

e´nσtotpEnq
˘ σr pEnq

σtotpEnq

. (3.8)

Here, C is the number of counts detected per bunch, B the background contribution
and n the areal density in atoms per barn of the deposit used for neutron conversion.
The quantities σr and σtot are, respectively, the reaction and total cross-section for
the isotope used as neutron converter. To determine the n_TOF flux evaluated cross-
sections from the ENDF/B-VII.1 library were used for 6Li, 10B and 235U. Finally, ε is
the efficiency for detecting the product of the neutron interaction. All these quantities,
apart from n, are function of the neutron energy En. For this reason, the uncertainty on
the energy dependence of the flux depends, for each detector, on the uncertainty on the
reaction cross-sections as well as on the variation with energy of the efficiency correction.

The materials used as neutron converters have a neutron cross-section which is stan-
dard in a specific energy range [152]. For this reason, a combination of independent
measurements performed with different detectors is used to cover the entire energy range
of the n_TOF neutron beam. The detectors for charged particles SiMON [135] and
MGAS [138, 139], described in Section 3.3.2.1, have been used to measure 6Li(n,α) and
10B(n,α) reactions, which feature standard cross sections from 25 meV to 1 MeV. In
addition, the detectors H19 from PTB [153], MGAS [138, 139] and PPAC [140] have all
been used to measure 235U(n, f ) reactions, whose cross section is standard at 25 meV and
in the interval between 150 keV and 200 MeV. This latter reaction has also been used as
reference above 200 MeV, due to the absence of any standard cross section at such high
energies.

Apart from the uncertainties in the cross sections, the data each detector could provide
are limited in energy by experimental conditions. For instance, the uncertainty in the
angular distribution of reaction products in the 6Li(n,α) reaction prevents the use of
SiMON detector for En ě 150 keV. Moreover, the effects of the γ-flash limit the use
of the H19 (PTB) and MGAS with 235U fission chambers beyond „ 3 and „ 10 MeV
respectively. In the case of MGAS (10B), the background caused by proton recoils from
elastic n-p collisions in the gas limits the high energy range up to only few hundreds of
keV.

In Table 3.2 all the detectors used to determine the n_TOF evaluated flux are listed
with the energy regions in which each of them provides reliable data.
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Table 3.2: Summary of the detectors used to determine the n_TOF neutron flux including the reaction of
interest, the energy range in which the react is considered a standard, the sample thickness and the
approximate upper energy limit below which each detector gives reliable results.

Detector Sample Area density En where σr Upper En limit

and reaction (µg/cm2) is standard for reliable data

PTB 235U(n, f ) 500 (10 samples) 25 meV, 0.15 to 200 MeV 3 MeV

SiMON 6Li(n,α) 300 25 meV to 1 MeV 150 keV

MGAS 10B(n,α) 55 25 meV to 1 MeV 150 keV

MGAS 235U(n, f ) 470 25 meV, 0.15 to 200 MeV 10 MeV

PPAC 235U(n, f ) 279 25 meV, 0.15 to 200 MeV 1 GeV

3.4.1 Neutron beam at EAR1

During the n_TOF Phase-2 the measurements outlined above, with all the five different
detectors, have been repeated at the beginning of each year in 2009, 2010 and 2011.
Figure 3.9 shows the evaluated flux for each one of the three years. In 2009 normal
water was used as moderator, while starting in 2010 it has been substituted by borated
water. The effect of the different moderator materials is a strong reduction of the thermal
peak. The small difference in the thermal region between 2010 and 2011 is related to a
slight modification of the moderator circuit, which implies a controlled change of the 10B
concentration in the borated water. Above a few keV, the flux does not depend on the
moderator liquid used anymore and is therefore equal for all the three years.

In Table 3.3 the overall estimated systematic uncertainties for different energy ranges
are summarized. For neutron energies from thermal to 100 keV, the systematic uncer-
tainty was estimated on the basis of the comparison between the various experimental
results, while at higher energy, where only the PTB or the PPAC systems were used,
the reported values are the combination of the uncertainty of the reference cross sections
(„ 1%) and of the corrections for dead time and angular distribution effects. More details
can be found in Ref. [151].

The spatial profile of the neutron beam at the sample position is mainly shaped by the
characteristics of the second collimator. At n_TOF there are two possible collimation
modes, namely fission and capture, which corresponds to two different collimators pro-
viding neutron beams of different size. Moreover, the beam profile varies with neutron
energies, because neutrons are produced at different position in the target and emitted at
different angles depending on their energy. The knowledge of this spatial profile is of par-
ticular importance when the sample being measured is smaller than the neutron beam,
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Fig. 3.9: Neutron flux at EAR1 for the n_TOF Phase-2 campaigns in 2009, 2010 and 2011 from thermal to
1GeV neutron energy. Figure from [151].

Table 3.3: Summary of the overall systematic uncertainties for different energy regions of the n_TOF neutron
flux.

Energy range Uncertainty

0.025 eV to 100 eV 1%

100 eV to 10 keV 2%

10 keV to 100 keV 4-5%

100 keV to 10 MeV „ 2%

10 MeV to 1 GeV „ 3%

intercepting therefore only a fraction of it that is referred to as the Beam Interception
Factor (BIF).

During the n_TOF Phase-2 campaigns the spatial profile of the neutron beam and
its energy dependence in the capture collimator configuration has been investigated in
detail by means of a new 2D pixelated MicroMegas (pixel-MGAS) detector [154]. An
illustration of the n_TOF beam profile at 183.2 m flight-path is given in Figure 3.10,
where the beam projection in the vertical direction for neutron energies between 0.1
and 1 eV is shown for both capture and fission collimation modes. The capture mode
includes both the measurement with the pixel-MGAS and simulations, while in the fission
collimation mode only the simulations are available. It is observed that the full size of
the beam is „ 3.5 cm and „ 10 cm in diameter in the capture and fission collimation
modes, respectively.
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3.4.2 Neutron beam at EAR2

In the recently built second experimental area, only very preliminary measurements of
the neutron flux have been carried out. A new Silicon Monitor (SiMON2) has been
developed following the same principles of the Silicon Monitor used in EAR1, but with
a more compact geometry and a LiF deposit (instead of the pure 6Li one of SiMON). In
Figure 3.11 the preliminary flux at EAR2 obtained with this new detector is presented
in comparison with the result of FLUKA simulations, which are in very good agreement,
and together with the EAR1 flux. It is apparent that the flux in EAR2 is a factor between
20 and 35 higher than the EAR1 one, fulfilling the expectations.

The resolution function of the second experimental area at n_TOF is currently under
study. Together with all the factors described in Section 3.2.1, additional broadening is
expected due to the angle between the moderator face and the flight-path (which in the
EAR1 are perpendicular). This fact, together with the different traversal planes of the
lead target crossed by neutrons, makes the derivation of the EAR2 resolution function
much more complicated than a trivial extension at 90˝ of the EAR1 one.

Fig. 3.10: Neutron beam profile at 183.2 m from the spallation target in the vertical direction as measured with
the pixel-MGAS detector at low neutron energy (0.1´1 eV). Figure from [123]
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3.5 Summary

Experimental facilities to obtain a neutron beam have been here introduced, and among
them the time of flight (TOF) technique and facilities have been described. In particular,
the n_TOF facility at CERN has been presented in detail, in order to comprehend how
high precision measurements such as the 238U(n,γ) could be carried out. The neutron
beam-line and the Data Acquisition system have been studied together with the resolu-
tion function of the n_TOF spectrometer, which is a fundamental input for RSA codes in
order to correctly analyze resonance parameters. The experimental apparatus for fission
and capture measurement is here briefly presented, which will be further developed in the
next chapter. Moreover, the incident neutron flux in the first experimental area (EAR-1),
where the measurement of this work has been performed, is presented as evaluated in
Ref. [151] with the help of five different detection system.

The brand-new second experimental area (EAR-2) has been introduced, where a com-
plete new set of experimental measurements could be performed, currently not feasible
at n_TOF or at any other facility around the world.

Fig. 3.11: Preliminary neutron flux at the n_TOF EAR2 (black) in comparison with simulations (red) and 2009
EAR1 evaluated flux (blue).



Chapter 4

Neutron cross sections
measurements

The aim of this chapter is to examine the methods to measure the reaction cross-sections
induced by neutrons. Among the several existing experimental methods, here the prin-
ciples and the detection technique for both transmission and capture measurements will
be described. In particular, the two detection techniques used at the n_TOF facility for
capture experiments will be analyzed in detail together with their two major background
issue: the correction for the multiple scattering and the sensitivity of the capture setups
to neutron scattering.

4.1 Total cross-section measurements

Total cross-sections σtot are generally measured through the so-called transmission ex-
periments. In these measurements, neutron detectors are placed at the end of the neutron
beam-line, and the number of neutrons are counted both with, Cin, and without, Cout

a given sample in the beam. The experimental observed quantity, called neutron trans-
mission, is simply the ratio between the two counting rate corrected for dead time and
background and depends on the neutron energy En. This neutron transmission is related
to the total cross section by [117]:

TexppEnq “ N
CinpEnq ´ BinpEnq

CoutpEnq ´ BoutpEnq
» e´nσtot . (4.1)

Here, Bin and Bout indicate the contribution of the background, while N is a normal-
ization factor which takes into account the different numbers of neutrons devoted for
the sample-in and sample-out measurements. Since the detector efficiency cancels out
using the same detector in sample-in and sample-out measurements, the uncertainty left
is only related to the monitoring of the number of incident neutrons.

81
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It is important to notice that the relation between experimental transmission and
total cross-section expressed in Eq. 4.1 is valid only under the conditions that piq the
target is perpendicular with respect to the incoming neutron beam, and piiq that all
the detected neutrons have crossed the sample, avoiding to detect neutrons scattered
by the sample. For this reason, a good transmission geometry should be implemented
properly collimating the neutron beam at the sample position and selecting a small solid
angle between the sample and the detector. Furthermore, the choice of a suitable sample
is fundamental, which should be homogeneous and with an optimized density for the
ongoing measurement.

4.2 Capture cross-section measurements

4.2.1 Principles

In capture experiments the measurement of the capture cross-section σγ is performed
indirectly detecting the particles emitted in the process, i.e. the γ-rays coming from
the de-excitation of the compound nucleus. The observable quantity is the fraction of
incident neutrons which undergo a reaction in the sample and generated a signal in the
detection system, and it is referred to as capture yield. The experimental yield is related
to the detected counting rate Cc by [117]:

YexppEnq “
CcpEnq ´ BpEnq

AεφnpEnq
, (4.2)

where BpEnq indicates the contribution of the background, ε is the efficiency of the
detection system, A is the effective area of the sample intercepted by neutron beam
and φn is the incident neutron flux. The systematic uncertainties related to a capture
measurement are therefore due to the accuracy in the characterization of the background
and the neutron fluence1, and in the determination of the detector efficiency.

For non fissionable samples and energies below the first inelastic scattering level, the
theoretical value of the yield is a function of total (σtot) and reaction (σγ for capture
and σn for elastic) cross-sections, and of the areal density n of the sample expressed in
atoms per barn. The theoretical yields can be expressed as:

YcpEnq “

´

1´ e´nσtot pEnq
¯ σγpEnq

σtotpEnq
` YM (4.3)

1 With neutron flux φn is intended the number of neutrons per unit of time and area, i.e. n s´1 m´2. The neutron
fluence Φn (usually referred to as neutron flux as well) is instead the flux integrated over time, i.e. n m´2.
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for radiative capture and

YnpEnq “

´

1´ e´nσtot pEnq
¯ σnpEnq

σtotEn
´ YM (4.4)

for elastic scattering [117]. Here, YM accounts for the contribution due to capture events
following at least one neutron scattering in the sample, which is called multiple scattering.
The term in brackets is related to the neutron self-shielding.

In a capture measurement the expectation value of the yield is not a pure theoretical
capture yield, but a weighted sum of both elastic and capture yield:

Y “ εγYc ` εnYn . (4.5)

The weights can be identified as the efficiencies to detect the signal due to a capture
event (εγ) or to a γ-ray related to a subsequent capture, in the detector material itself or
in the experimental hall, of a neutron scattered by the sample (εn). The ratio between
the two efficiencies, i.e. εn{εγ , is called neutron sensitivity and will be examined in detail
in Section 4.4.

To compare the experimental yield to its expected value, the geometry of the whole
system (including the effective area of the sample) and the absolute value of the neutron
fluence should be precisely known. Since in most cases this is not possible with a satisfying
accuracy, all these factors are usually included into a single and energy-independent
normalization factor N . This factor could be derived with two distinguished procedure:

• From measurements based on standard cross-sections. Usually, capture cross-section at
thermal energy or standard cross-sections for higher energy region are used as reference
cross-sections;

• From measurements independent of any reference cross-sections, based on a resonance
for which the neutron width is much smaller than the radiative one (Gamman !

Γγ). To this purpose, two type of resonances could be suitable: piq resonances for
which the total cross-section at the peak energy is much less than unity (nσtot ! 1),
so that the capture area is almost proportional to the neutron width and can be
determined very accurately from independent transmission measurements, and piiq
saturated resonances. A saturated resonance has a cross section at peak energy much
larger than one (nσtot " 1), and all the incident neutrons with energies close to
the resonance one would interact with the sample. If in addition the capture width
is larger than the neutron width, the theoretical capture yield for this resonance is
close to unity, value that has to be compared with the one obtained experimentally.
It was demonstrated [165] that this method is extremely convenient. Appropriate
resonances that can be exploited to apply the saturated resonance method are the 4.9
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eV resonance of 197Au, the 5.2 eV resonance of 109Ag and the 6.67 eV resonance of
238U. The normalization procedure used for this work will be explained in Section 5.5.

Multiple scattering

Considering thin samples, for which nσtot ! 1, the theoretical capture yield Yc could
be approximated so to make its dependence on the capture cross-section linear (this
procedure is usually referred to as thin-sample approximation):

YcpEnq « nσγpEnq. (4.6)

On the contrary, for thick samples with large nσtot , a non negligible probability exists
that a neutron before being captured would be scattered one or more times inside the
sample itself. In these cases it is therefore convenient to write the total capture yield as
a sum of three different terms:

Yc “ Y0 ` Y1 ` Yě2, (4.7)

where the Y0 term is the primary capture yield and is given by the first part of Eq. 4.3. The
second part of Eq. 4.3, i.e. YM , is here split between Y1, that indicates the contribution
due to capture events after one elastic scattering in the target, and Yě2, that refers
to neutron capture events after more than one neutron scattering. These higher order
terms are increasingly complicated functional of the cross section, and can be calculated
by means of dedicated Monte Carlo simulations.

4.3 Detection techniques

As theoretically described in Chapter 2, a neutron capture event is followed by the prompt
emission of a γ-rays cascade from the de-excitation of the compound nucleus. The total
amount of energy available in this process is the sum of the neutron binding energy and
the incident neutron kinetic energy. The former one could vary from few MeV to tens of
MeV, depending on the target nucleus. The latter one depends on the characteristics of
both the neutron source and the sample, being the energy in the center of mass frame as
in Eq. 2.4 dependent on the mass number of the target isotope. At the n_TOF facility
the incident-neutron energies spread over a wide range from thermal energy to GeV.

The ideal (n,γ) detector has to fulfil three different requirements:

i. A detection efficiency independent of the multiplicity of the capture gamma cascade;
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ii. A low sensitivity to scattered neutrons (see Section 4.4 for further details);
iii. An extremely good time resolution.

The first requirement could be achieved with two completely different techniques, which
divide the various detectors into two well-separated classes: Total Absorption Detectors
and Total Energy Detectors. At the n_TOF facility both detection systems are present.

4.3.1 Total Absorption detection system

The general idea of the Total Absorption technique is to detect the entire γ-ray cascade.
To reach this aim, γ-ray detectors should subtend a solid angle approaching 4π, and
their thickness should be such that the interaction probability with any photon crossing
them is close to the unity. The efficiency of such a detection system approaches 100%
and, therefore, is independent of the multiplicity of the γ-ray cascade spectrum. With
this technique the entire detected event is reconstructed in terms of total energy released
and, if the detectors is segmented in enough independent modules, of multiplicity of
the event itself. This possibility leads to a clear signature of capture events, with the
consequence of an excellent discrimination from background signals due to single γ-ray
or fission events.

Thanks to its characteristics, the Total Absorption technique is best suited for mea-
suring radioactive as well as small mass samples, and therefore large arrays of inorganic
scintillators have been built following the requirements of the technique. What distinguish
different detection systems is the choice of the scintillators. Since the detector volume
has to be large to absorb the whole γ-ray cascade, it is important to pay attention at the
chemical composition of the scintillators: to lower the neutron sensitivity related back-
ground, in fact, elements with high (n,γ) cross section must be excluded. For example,
NaI and CsI are to be avoided because of the large capture cross-section of Iodine. Out
of the remaining suitable scintillator the final choice is a compromise between energy
resolution, time resolution and sensitivity to scattered neutrons. A detailed comparison
of suitable scintillators can be found in [155].

The n_TOF Total Absorption Calorimeter (TAC) [156] consists of 40 BaF2 crystals,
12 pentagonal and 28 hexagonal, which cover 95% of the 4π solid angle. Each individ-
ual module is mounted on an Al honey-comb structure that is holding the complete
detector. The detector assembly is divided into two hemispheres, one of which can be
moved to access the interior of the detector, and in particular the centre of the TAC
where the sample is placed. To lower the neutron sensitivity the sample is surrounded
by a spherical neutron moderator/absorber made of an inert non flammable lithium salt
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Fig. 4.1: View of one of the hemisphere of the TAC with the neutron absorber placed in the centre and the
neutron beam line passing through the detector assembly.

(C12H20O4(6Li)2), while each crystal is encapsulated in a 10B loaded (16% in mass) car-
bon fiber shield. Figure 4.1 shows a picture of one of the hemispheres with the neutron
absorber placed in the centre of the assembly.

4.3.2 Total Energy detection system

The second technique used to measure capture event, the Total Energy technique, re-
quires that the efficiency of the detection system is directly proportional to the total
radiative energy emitted by the capture event (i.e. the sum of the neutron separation
energy Sn and the kinetic energy of the incident neutron En

2). To achieve this feature
low efficiency detectors should be used, with a γ-ray detection efficiency proportional to
the γ-ray energy. An exploitable procedure to achieve this proportionality is the use of a
proper geometry of the detectors with the so-called Moxon-Rae detectors [157]. However,
the use of this type of detectors has been abandoned due to the non-proportionality of
their efficiency below 0.5 MeV and their excessively low detection efficiency [158].

An alternative solution is to achieve the required proportionality through the pulse-
height weighting method. This technique is based on an original suggestion by Maier-
Leibnitz, that one can always find a function WpEq of the pulse height such that its con-
volution with the pulse height distribution of the capture spectrum is proportional to the
total energy released. This technique was initially applied by Macklin and Gibbons [159]

2 For sake of completeness in the lab frame system the recoil energy of the target nucleus should be subtracted
to obtain the actual energy available for radiative emission. However, in most cases this energy is several order
of magnitude lower than the sum of the neutron separation and kinetic energy, and could be safely neglected.
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Fig. 4.2: View of the Total Energy system experimental setup at the n_TOF facility. The two C6D6 detectors
are placed at 90˝ with respect to the beam direction. The detectors support is made in carbon finer in
order to minimise the scattered neutrons background.

using C6F6 detectors, but nowadays the use of the C6D6 scintillators is preferred due
to their lower neutron sensitivity [158]. At the n_TOF facility the detection setup to
exploit the Total Energy system consists of two C6D6 scintillation detectors placed one
head on the other at 90˝ from the beam direction (see Figure 4.2). For the measurement
of this work, one commercial Bicron detector was used together with a custom made
one developed at the Forschungszentrums Karlsruhe (from now on it will be referred to
as FZK) [160]. Both detectors are optimized to have a very low neutron sensitivity. To
this purpose the amount of material constituting the detectors has been minimized, and
the chosen materials have a low neutron capture cross-section. As an example, for both
detectors the window of the photomultiplier is a custom quartz window, and the housing
of the FZK detector is made of carbon fiber.

The principle of the detection system is that at most one γ-ray out of the capture
cascade is detected at a time. As a consequence, the efficiency to detect a capture event
εc could be approximated by:

εc “ 1´
ź

i

p1´ εγiq «
ÿ

i

εγi . (4.8)

If the efficiency to detect a γ-ray is proportional to the energy of the γ-ray itself, i.e.
εγ “ kEγ, the detection efficiency for a neutron capture event becomes directly propor-
tional to the sum of the γ-rays energies, Eγi , emitted in the capture event. Neglecting
the internal conversion process, the detection efficiency attains the direct proportionality
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Fig. 4.3: Simulated γ-ray detection efficiency for a γ-ray homogeneous emission within the 238U target (rectan-
gular in shape, 235µm thick). The detection system is the one used for this measurement, consisting
of 2 C6D6 detectors placed at 90˝ with respect to the direction of the incoming neutron beam.

to the total excitation energy Ex , which is the sum of the neutron separation energy Sn
and the incident neutron energy in the center of mass system En,c :

εc « k
ÿ

i

Eγi « kpBn ` En,cq “ kEx . (4.9)

Such an efficiency results to be independent of the capture cascade energy and multiplic-
ity as required.

Differently to the TAC, the C6D6 setup is optimized for cases in which the total cross-
section is dominated by the elastic channel. These detectors are in fact characterized by
a very low neutron sensitivity, two orders of magnitude smaller than that of the TAC,
and therefore allow us to obtain reliable results even for extremely small Γγ/Γn ratios.
Moreover, a drawback of the TAC is that the γ-flash blinds the detectors for energies
above tens of keV, and therefore the C6D6 setup is the only available experimental
method at the n_TOF facility to measure radiative capture cross-sections at high neutron
energies.

Pulse Height Weighting Technique (PHWT)

From Figure 4.3 it is clear that the γ-ray detector efficiency for the two C6D6 detectors
is low but not directly proportional to the energy of the detected γ-ray. As mentioned
before, this proportionality is achievable through a mathematical manipulation of the
response function of the detection system. To this purpose a weighting function WpEdq

is defined such that it follows the relationship:
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ż 8

0
RdpEd ,EγqWpEdq dEd “ kEγ , (4.10)

where the proportionality constant k is usually taken equal to 1 MeV´1 when deriving the
weighting functions. With RdpEd ,Eγq the response of the detection system is indicated,
defined as the probability that the detected energy Ed is deposited by a γ-ray with an
energy Eγ . The total efficiency to detect a γ-ray with an energy Eγ is therefore given by
the integral of the response over all the possible deposited energies:

ż 8

0
RdpEd ,Eγq dEd “ εpEγq. (4.11)

Considering an experiment in a time of flight facility, the TOF information is recorded
together with the deposited energy. The CpTn ,Edq distribution of the observed time of
flight is the measured quantity, where an event occurred at the TOF Tn has deposited
an energy Ed in the detectors. Once defined the weighting functions as in Eq. 4.10, they
can be convoluted to the count distribution CpTn ,Edq, and the weighted TOF spectra is
obtained integrating over the γ-ray deposited energy as:

CwpTnq “

ż

CpTn ,EdqWpEdq dEd . (4.12)

In practice, weighting functions WpEdq are derived from a system of different Eq. 4.10
if the response functions RdpEd ,Eγq are known for a number of Eγ values covering the
whole energy range of interest in the studied neutron capture. Typically, the γ-ray energy
range of interest in neutron capture spans from few hundred keV up to 10 MeV. In the
past WpEdq were derived experimentally through careful measurement of responses of
the detection system to mono-energetic γ-rays [161]. In this way, the weighting functions
were determined once for each capture setup, and were supposed not to be sample-
dependent. It is worth noticing that the use of a single weighting function requires a
special normalization procedure with a resonance with a specific γ-ray spectrum. This is
not always possible and often results in time-consuming measurements.

Despite the inaccuracy shown at the very beginning, the Monte Carlo method seems
the only practical method to take into account the systematic differences of the various
samples and detector arrangements. Thanks to the huge improvement of present Monte
Carlo codes, it was demonstrated [162] that accurate weighting functions could be de-
rived from simulations with current MC code such as GEANT [163] and MCNP [149] if
the geometry description accurately reflects the experimental conditions. The response
is obtained by a convolution of the simulated response RpE,Eγq with a Gaussian func-
tion, which represents the energy resolution of the detector and is studied through the
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Fig. 4.4: Simulated γ-ray detection efficiency for a γ-ray homogeneous emission from a 238U rectangle (235µm
thick) after applying the weighting function. The detection system is the one used for this measurement,
consisting of 2 C6D6 detectors placed at 90˝ with respect to the direction of the incoming neutron beam.
As can be seen, the two different detectors have now the same efficiency, and it is directly proportional
to the energy Eγ of the γ-ray.

comparison between the experimental and the simulated detector response to well-known
mono-energetic γ-rays. At γ-ray energies below few of MeV standard radioactive sources,
such as 88Y, 137Cs and Am-Be, can be used to determine the detector response. If it is
needed to know the response of the detector for higher energies, (p,γ) induced reactions
on light nuclei or capture γ-ray spectra for selected resonances of nuclei near closed shells
can be used.

Weighting functions are obtained expressing WpEdq as a smooth polynomial function
of the observed deposited energy Ed . The parameters of the function are determined by
minimising the χ2 of the least square fit of a number of γ-ray responses:

χ2 “
ÿ

j

ˆ

kEγ j ´
ż 8

EL

RdpEd ,Eγ jq WpEdq dEd

˙2

. (4.13)

The lower integration limit EL is related to experimental limitations such as the in-
terference of noise and the use of a finite discrimination threshold ED, which prevents to
record low values of the deposited energy with a consequent loss of counts. To account
for the missing part of the observed spectrum two procedures can be followed:

Lower limit = 0. The weighting functions are calculated using EL “ 0 MeV in
Eq. 4.13. A correction is applied to take into account the missing counts coming
both from γ-rays that deposited an energy below the discriminator threshold ED and
from γ-rays for which part of the response lies above the threshold. To this purpose,
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tabulated transition probabilities (such as γ-rays emission spectrum) and Monte Carlo
simulations are needed [162,164].

Lower limit = ED. The weighting functions are calculated with a finite discriminator
level EL “ ED in Eq. 4.13. Weighting functions obtained in this way correct for the
loss of counts due to responses lying partly above the discrimination threshold, and
therefore the correction factor should take into account only for the γ-rays with an
energy smaller than ED.

For the analysis of 238U(n,γ) reaction cross-section the second approach was followed. A
detailed description is given is Section 5.2.2.

After applying the weighting function derived following this procedure, the efficiencies
of the two different detector are proportional to the γ-ray energy, as required for the va-
lidity of Eq. 4.9 (see Figure 4.4). These two efficiencies are exactly the same thanks to the
corrections for the different geometries and solid angle of the two detectors implemented
in the simulations.

4.4 Neutron sensitivity

One of the main sources of background for (n,γ) measurement is related to the detection
of γ-rays coming from subsequent captures of neutrons that have been scattered in the
sample. This background follows the same energy dependence as the true capture events
and may therefore compromise the analysis of resonances. This contribution is partic-
ularly significant for light and medium weight nuclei, but also for some heavier nuclei
near to shell closure for which neutron widths in s-wave resonances can be some order of
magnitude larger than capture width (Γn{Γγ „ 103 ´ 104).

Clearly, for these isotopes a reliable measurement of neutron capture cross-section can
be achieved only with detectors with the lowest neutron sensitivity, defined as the ratio
between the detection efficiency for γ-rays coming from subsequent captures of scattered
neutrons (εn) and for capture events (εγ). Detectors which owns this characteristic are
typically organic scintillators, since they are mainly composed of elements with minimal
neutron capture cross-sections, with the exception of hydrogen. The best choice for the
scintillation material turned out to be liquid deuterated benzene (C6D6) [158].

In a typical neutron capture cross-section measurement, the sample-related neutron
background is generated by neutrons both directly scattered towards the detectors and
captured therein, and scattered randomly at the sample and then captured in other
materials of the experimental hall. Neutrons detected within a time delay smaller, or at
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Fig. 4.5: Neutron sensitivity of Bicron and FZK C6D6 detectors in two configurations: detectors surrounded
by the entire experimental hall (overall neutron sensitivity) and isolated detectors (intrinsic neutron
sensitivity). Figure from [168].

least of the same order, of the time of flight width of the resonance of interest lead to a
counting rate which is indistinguishable from that of capture events.

The background related to the neutron sensitivity is in principle easily taken into ac-
count by measuring the yield of a carbon sample. In fact natC has a negligible capture
cross-section, and therefore its measured reaction yield should purely represent the con-
tribution of the background related to the neutron sensitivity of the experimental setup.
The neutron sensitivity could also be measured as:

εn
εγ
“

C1C
C1X

Yc,X
Yn,C

, (4.14)

where C1C and C1X indicates the net count rate for respectively the carbon and the sample
measurements, Yc,X is the theoretical capture yield for the sample of interest and Yn,C
the yield due to elastic neutron scattering in carbon.

However, while this procedure allows to derive the average level of neutron background,
it does not provide its time structure. For this reason, Monte Carlo simulations are needed
to properly determined the neutron sensitivity of the detection systems [167,168].

In Figure 4.5 the neutron sensitivity for the C6D6 detection setup at the n_TOF
facility is shown, derived from simulations performed with the GEANT4 simulation
kit [169, 170]. The very low intrinsic neutron sensitivity of both detectors, and in par-
ticular of the optimized FZK, is clearly visible. However, when the whole experimental
setup is considered the overall neutron sensitivity increases considerably for both detec-
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tors, exhibiting basically the same flat behaviour above 10 eV. The average value of the
neutron sensitivity over the range between 10 eV and 1 MeV results to be approximately
2ˆ 10´3 for both detectors.

The way to correct data for the neutron sensitivity contribution can be easily inferred
from Eq. 4.5: the capture yield Yc is in fact obtained subtracting to the measured yield
the elastic one multiplied by the neutron sensitivity, that is:

`

1´ e´nσtot
˘ σγ

σtot
“ Yobs ´

`

1´ e´nσtot
˘ εn
εγ

σn

σtot
. (4.15)

However, it is important to consider that from the adopted definition the neutron
sensitivity represents the detector response to neutrons of a given energy, not at the
energy reconstructed from the neutron time of flight. For this reason, the most reliable
way to obtain a realistic estimate of the background related to the neutron sensitivity
of the experimental setup with its time dependence is to perform complete simulations,
including the specific sample and the exact energy distribution of the neutron fluence.
This is the approach followed in this work, and will be analyzed in detail in Section 5.4.2.

4.5 Summary

The experimental methods to measure neutron induced capture cross-sections have been
here presented, and both the measurement principles and the detection setups have been
described. Particular attention has been paid to the detection systems in use at the
n_TOF facility, i.e. the total absorption detection, with the use of the Total Absorption
Calorimeter (TAC), and the total energy detection, which exploits two C6D6 scintillators.
This last technique is the one used to analyze the measurement of this work, and has the
great advantage to minimize as possible the background induced by scattered neutrons,
which is, as explained, one of the main sources of background for (n,γ) measurement.





Chapter 5
238U(n,γ) measurement with C6D6:
data reduction

A high precise and accurate measurement of 238U(n,γ) reaction cross-section has been
performed in April 2012 at the CERN n_TOF facility using C6D6 scintillation detectors
over an energy range from thermal to 1 MeV. The goal of this measurement (part of
a larger proposal) is to provide a cross section as precise as possible in order to reach,
together with other measurements, an uncertainty of 2%. The data reduction, i.e. the
analysis procedure from raw data to capture yield, is here described in detail, with
particular emphasis on the background subtraction.

5.1 Experimental campaign

The experimental campaign for the measurement of 238U(n,γ) reaction cross-section using
C6D6 scintillators took place during April 2012 and lasted for 35 days. During this period,
the proton current was monitored with the pick-up detector system based on the wall
current monitor (WCM) of the CERN Proton Synchrotron. In addition, the subsequent
neutron beam was monitored at the experimental area with the SiMON detector. The
C6D6 scintillator performances were controlled on a weekly basis.

Together with 238U(n,γ), it was necessary to perform some auxiliary measurements to
accurately characterize the background and to validate the analysis procedure.

• In order to correct for time-dependent background, induced by the neutron beam,
measurements were carried out without samples in the beam (hereafter is referred to
as Empty-Frame or Sample-Out measurements).

• Beam off measurements were carried out to characterize the room background and the
activity of the sample and air.

• To validate the entire analysis procedure, 197Au(n,γ) reaction cross-section measure-
ment was carried out with a sample similar to 238U.

95
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Table 5.1: Details of time allocation for the 238U experiment.

No filters With filters

Sample # Protons Running time # Protons Running time

238U 7.85ˆ 1017 10 days 7.02ˆ 1017 7 days
Sample Out 6.271ˆ 1016 6 days 1.64ˆ 1017 3 days
238U packing 9.65ˆ 1016 2 days
Beam Off 0.25 days
Calibrations 0.25 days
natPb 1.50ˆ 1017 2 days 1.53ˆ 1017 2 days
197Au (300µm) 8.33ˆ 1016 2 days 9.93ˆ 1016 2 days
197Au (50µm) 4.86ˆ 1016 2 days
natC (5 mm) 1.46ˆ 1017 3 days 1.66ˆ 1017 2 days
natC (10 mm) 9.71ˆ 1016 3 days 1.11ˆ 1017 3 days

• Measurements with a C sample were performed, as carbon is a pure neutron scatterer
pσn " σγq and therefore can be used to estimate the background due to scattered
neutrons from the 238U sample.

• A natural Pb sample, with the same area as the 238U one, was used to evaluate the
counts due to in-beam γ rays that Compton scatter on the sample. Lead was also
chosen since it has a similar atomic number Z to uranium and a negligible capture
cross-section.

• Runs with black-resonance filters were performed to determine the energy dependence
of the background. A black resonance, by definition, removes all the neutrons from
the beam so that all the counts left can be only related to background. More details
about this technique can be found in Appendix B.

In Table 5.1 the different measurements, together with the time dedicated are sum-
marized.

5.1.1 Samples

The 238U sample was provided by the EC-JRC-IRMM laboratory (GELINA [66]). From
an isotopic analysis, done in 1984, it resulted to be an extremely pure 6.125(2)-gram
metal plate, containing less than 1 ppm of 234U, about 11 ppm of 235U and less than 1
ppm of 236U.
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Fig. 5.1: Pictures of the 238U (left), 197Au (center) and natPb (right) sample used during the experimental
campaign.

Table 5.2: Characteristics of the samples.

Sample Size (mm) Mass (g) Atomic density (atoms/barn)

238U 53.80ˆ 30.02 6.125˘ 0.002 p9.64˘ 0.04q10´4

natPb 53.77ˆ 30.19 9.44 1.725ˆ 10´3

197Au 53.30ˆ 29.65 9.213 1.773ˆ 10´3

197Au 53.30ˆ 29.65 1.547 2.9ˆ 10´4

natC 53.35ˆ 30.20 28.89 8.94ˆ 10´2

natC 53.35ˆ 30.20 14.638 4.49ˆ 10´2

The sample is rectangular in shape, 53.80 mm ˆ 30.02 mm, and covered 97% of
the neutron beam. To comply with CERN radio protection regulations, the sample was
encased in „ 60 µm of aluminum foil and „ 75 µm of Kapton foil. The effects of this
canning has been studied during the measurement campaign and resulted to be negligible.

All the samples were mounted in a remote-controlled strip, built in carbon fiber.
In order to cover the same fraction of neutron beam, the samples used in this experi-

mental campaign have been chosen with the same geometry, as can be seen in Figure 5.1.
In Table 5.2 the main features of the samples are listed.

5.1.2 Stability of the detection systems

The stability of the apparatus was monitored, both for the flux and the capture detec-
tors. Concerning the neutron flux stability, we investigated the ratios between the hits
registered by the silicon monitors and the number of protons derived from the current
measurement from the pick-up signal. We selected only those runs where the ratios be-
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Fig. 5.2: Left: Percentage difference between the hits registered by the silicon monitors and the proton current
derived from the pick-up signal. The ˘3.5% level is shown with the red dotted lines. Right: Percentage
deviation of the number of entries per run (normalized to the number of protons) from the mean value,
for Bicron (black) and FZK (magenta) detectors. The ˘3.5% level is indicated with the red dotted
lines.

tween the number of incident particles deviated by no more than 3.5% (see left panel of
Figure 5.2).

Moreover, the stability of the two C6D6 detectors was investigated by selecting the
capture events corresponding to the first saturated resonances in 238U (the same proce-
dure was adopted for 197Au measurement) and recording the number of counts registered
by the detectors normalized to the number of protons. The number of events per run
recorded with the gold sample in beam deviates from the mean value by only 0.6% for the
FZK and by 1% for the BICRON detector (therefore all the runs are considered reliable
and included in the analysis). The large number of 238U runs needed a more accurate
analysis, because they span over the entire duration of the campaign. In fact, we found
that the normalized number of entries per run deviates by about 6% from the mean
value, a percentage too big to be acceptable for our analysis. To reduce the dispersion
of the data set, we rejected those runs with percentage deviations greater than 3.5%
(see right panel of Figure 5.2). With this constraint the distribution of the percentage
deviation resulted to be less than 2% for 90% of the runs. By applying these conditions
we rejected in total 1.5% of the data from the BICRON and 5% for the FZK detector,
not significantly affecting the statistics of the measurement.

5.2 Operation and performance of the C6D6 scintillators

As described in Section 4.3.2 the experimental setup for the 238U(n,γ) reaction measure-
ment consisted of two deuterated benzene scintillators, opposite each other at 90˝ with
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Fig. 5.3: Pictrues of the detection setup. Bicron scintillator is on the left and FZK on the right. The sample
exchanger is visible in between the two detectors.

respect to the beam, 9 mm away from the sample: one commercial (Bicron) and one
custom made (FZK) [160]. In Figure 5.3 pictures of the experimental setup are shown.

The geometry of the detection system covered a small solid angle, so to approach the
Total Energy Technique requirement, i.e. only one γ ray per capture event is detected
by the detection system. To completely fulfil the requirement, during the offline data
reduction a time window of 30 ns has been fixed to exclude events recorded in coincidence.

5.2.1 Energy calibration and resolution

In order to be as precise as possible, an accurate study of the calibrations between the
flash-ADC channels and the deposited energy was performed on a weekly basis using three
standard γ-ray sources: 137Cs (661.7 keV), 88Y (898 keV and 1.836 MeV) and Am/Be
(4.44 MeV). This procedure is also important to check the stability of the detectors
over the whole campaign. Comparing the different calibration spectra for each source we
actually noticed a small variation of the gain, which was adjusted by applying different
calibration curves as can be seen in Figure 5.4. Even if the differences are of the order
of few percent, a proper correction is important, since the Total Energy Technique is
sensitive to the amplitude spectrum. Therefore we extracted six calibration lines from
the different calibration runs. After these calibrations are applied the spectra resulted
perfectly aligned (see the right panel of Figure 5.4).

The peaks in the amplitude spectra, corresponding to the well known Compton edge
of the different γ rays emitted by the sources, are broadened by the detector resolution.
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Fig. 5.4: Amplitude spectra for the Am-Be source: on the left as a function of flash-ADC channels, on the right
as a function of deposited energy after the application of the different calibration lines. It is clearly
visible that with this method we manage to achieve the stability of the performances of the detectors.

Extracting the channel numbers associated to these peaks we calibrated the flash-ADC
channels. In particular, the observed peaks have been analyzed with the software package
ROOT [171] and fitted with a Gaussian function:

f pxq “ A e
´
px´µq2

2σ2 , (5.1)

where A is the amplitude and µ the mean value related to the Compton edge of the
γ ray. The best-fit curve was found through the minimization of the χ2. In Figure 5.5
the amplitude spectra for Bicron detector corresponding to the three different γ ray
sources are shown together with the Gaussian best-fit curves. For both detectors a small
non-linearity has been observed in the energy calibration, and therefore a second order
polynomial was used to fit the four energy points.

From calibration measurements we can identify the energy resolution (∆E) of the de-
tectors, which corresponds to the full width at half maximum of the gaussian distribution
(FWHM“ 2

?
2 ln 2 σ). An accurate determination of the energy resolution is needed

to broaden the results of the simulations concerning the detection system, which by
themselves account only for the broadening due to physical processes not including the
electronic one.

Bicron detector is characterized by a relative energy resolution ∆E{E „ 15% at 662
keV and ∆E{E „ 5.2% at 4.4 MeV, while FZK detector has ∆E{E „ 21% at 662 keV
and ∆E{E „ 7.5% at 4.4 MeV1. In the bottom right panel of Figure 5.5 the amplitude
spectrum of 88Y is shown together with the simulation before and after applying the
energy resolution broadening.

Thanks to the accurate flash-ADC channel to energy calibration, it was possible to
properly choose the thresholds in deposited energy so to exclude as much background

1 The scintillation liquid volume in Bicron detector is about 3{4 with respect of the FZK one.
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Fig. 5.5: Calibrated amplitude spectra for 137Cs (661.7 keV), 88Y (898 keV and 1.836 MeV) and Am/Be (4.44
MeV) γ-ray sources. The red lines correspond to the Gaussian fit. In the bottom right panel, the 88Y
spectrum is shown together with the simulations, before (blue) and after (red) applying the broadening
due to energy resolution.

counts as possible not affecting too much the statistic. For this measurement the thresh-
old have been chosen to be Emin

dep “ 0.250 MeV and Emax
dep “ 5.53, corresponding to γ-ray

energies of Eγ “ 407 keV and Eγ “ 5.77 MeV respectively. The higher threshold corre-
sponds to the neutron separation energy of the 239U nucleus, Sn “ 4.806 MeV, to which
a 15% resolution is added.

5.2.2 Weighting functions

As already mentioned, the detection technique used within this measurement was the
Total Energy Technique. As explained in Section 4.3.2, it requires the determination of
the so-called weighting function in order to satisfy the required proportionality between
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Fig. 5.6: Experimental setup as implemented in GEANT4 geometry files. Together with the detector the sample
holder, the supports and the beam line are included.

detection efficiency and the deposited energy. To this end, a very accurate knowledge
of detector response for different γ-ray energies is required. This response depends on
γ rays transportation both in the detection system and within the sample itself, and it
has been simulated by means of GEANT4 [169] Monte Carlo code (see Figure 5.6 and
5.7). In these simulations, the γ rays are emitted randomly within the sample following
the gaussian xy-distribution of the neutron beam profile, being z the direction of the
neutron beam. Figure 5.6 shows a three dimensional view of the experimental setup
as modelled in GEANT4 geometry file. In the description of the detection system not
only the active volume, but also the other components of the detectors, such as the
boron free quartz window, the Al or carbon fiber chamber and the photomultiplier are
implemented. In addition, the sample exchanger and the carbon-fiber beam line were
implemented as well. The detector responses are collected separately, and two different
weighting functions were calculated.

The polynomial dependence of the weighting function W on the energy deposited by
γ rays is determined by a least-squares fit to a number of γ-ray responses in the energy
range of interest, i.e. from 100 keV up to 10 MeV:

min
ÿ

j

˜

ÿ

i

WiRi j ´ kEγ j

¸2

, (5.2)
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Fig. 5.7: Simulated response of the FZK detector for different mono-energetic γ rays considering an exponential
attenuation of γs inside the sample (see text for details). The response has been convoluted with the
energy resolution of the detector.

where the proportionality constant k is taken equal to 1 MeV´1, and the index j indi-
cates the energy bin. As described in the PHWT paragraph of Section 4.3.2, because of
experimental limitations it is necessary to put a threshold (250 keV for both detectors)
in the calculation of the weighting functions to account for the missing low-energy part
of the observed spectrum.

The effects of neutron transportation within the sample becomes significant only when
the product nσtot ą 1, where n indicates the areal density in atoms/barn and σtot is
the total cross section. In the present case, where the a 238U sample has an areal density
n “ 9.56 ˆ 10´4 atoms/barn, this condition is fulfilled only in correspondence of the
peak-energy of the first 3 s-wave resonances. For this reason we produced two different
weighting functions: one considering an homogeneous distribution in the z-direction of
the γ-ray initial positions within the sample, while in the other case an exponential
attenuation was assumed. The first case is used for the resonance shape analysis (RSA)
and the analysis of the unresolved resonance region, while the second one is applied for
the extraction of the normalization factor through the saturated resonance technique
(see Section 5.5).

The quality of the fitted weighting function was evaluated through the calculation for
each simulated response to monoenergetic γ rays with an energy Eγ of the quantity Q,
defined as:

Q “

ř

i WiRi j

Eγ j
, (5.3)

which has an expected value of 1. In Figure 5.8 the weighting functions for the detection
system of Figure 5.6 for exponential attenuation and homogeneous emission of monoen-
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Fig. 5.8: Weighting functions for γ ray emission from the 238U with an homogeneous z-distribution (black) and
an exponential attenuation in the z-direction (red). The bottom panel shows the verification of the
proportionality of the weighting functions plotting the ratio Q defined in Eq. 5.3 as a function of the
deposited energy.

ergetic γ rays are compared. In the bottom panel the quantity Q is plotted to verify the
quality of the weighting function.

Within this work, the weighting functions found for the 238U sample are used to weight
the 238U(n,γ) and the background counting rate.

5.3 Capture Yield extraction

The experimental capture yield was extracted dividing the weighted counts Cw , calcu-
lated as in Eq. 4.12 after a time-to-energy conversion, by the incident neutron fluence
φn, as in Eq. 4.2:

YexppEnq “ N
CwpEnq

φnpEnq
. (5.4)

Weighting the counts via the PHWT, so to achieve the proportionality between de-
posited energy and detection efficiency, means also to take into account the efficiency
εn,γ of the two C6D6 to detect a capture event. Therefore the normalization factor N
takes into account the effective area of the 238U sample intercepted by the neutron beam,
which is „ 97%, the efficiency loss that could not be included in the simulations and
the absolute value of the evaluated flux. As will be explained in Section 5.5, N has been
determined through the saturated resonance method [165].
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5.3.1 Time-to-energy calibration

The time-to-energy relation for this measurement was studied accordingly to the proce-
dure described in Ref. [124]. As described in Section 3.2.1, at n_TOF the effective flight
path is influenced by the time traveled by neutrons within the spallation target and the
moderator, resulting in an additional distance ∆L to be added to the geometrical flight
path L0. It is demonstrated (see Ref. [124]) that at the n_TOF facility ∆L varies with the
square root of the neutron energy, fact that allows us to express the energy-dependent
term of the flight path in terms of a fixed, experimentally determined time offset t0:
∆L “ ´t0 ˆ

?
En{72.2983. Eq. 3.5 becomes therefore:

En “

ˆ

722.983
L0

t ` t0

˙2

, (5.5)

where En is expressed in eV, L0 in cm and t and t0 in ns. The reconstructed time of flight
t “ tm ´ tγ´flash is provided from the Pulse Shape Analysis routine.

Since the expected energy dependence of the flight path starts becoming significant
only above a few keV, in order to determine the values of the energy-independent term
L0, a function given by Eq. 5.5 has been fitted to the data from specific 238U resonances
with well-known energies. We selected the the first four 238U(n,γ) resonances, which are
considered well-known [173], plus three resonances at energies around hundreds of eV.
The time-of-flight of the resonances is determined as the mean value of the best-fit gaus-
sian curve which represents the data, and they have been associated to the corresponding
resonance energies tabulated in ENDF/B-VII.1 library. The flight-path fit is shown in
Figure 5.9 and it gives as result L0 “ 184.24 ˘ 0.02 cm for both detectors. Because at
higher energies no standard energy references are available, this procedure cannot be

Fig. 5.9: Resonance energies from ENDF/B-VII.1 library as a function of neutron time of flight as provided from
the Pulse Shape Analysis routine for the 238U(n,γ) measurement. The fit of a function given by Eq. 5.5
is shown as a red line. In this low energy range the time-to-energy calibration is sensitive only to the
geometrical distance L0, which is found to be L0 “ 184.24˘ 0.02 cm.
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followed to find the time offset t0. For this reason, we analyzed resonances from 500 eV
to 1 keV using the R-matrix code SAMMY. The results gives t0 “ ´41˘ 13 ns.

5.3.2 Neutron flux

In Section 3.4.1 the n_TOF neutron flux for the first experimental area has been pre-
sented. As described, after combining together the results of five different detectors an
evaluated flux has been released in Ref. [151] for three years of the n_TOF Phase-2, i.e.
2009, 2010 and 2011. For 2012 measurement campaigns not all these detector were avail-
able, but the neutron flux has been constantly monitored using the SiMON detector [135].

In Figure 5.10 the flux extracted from silicon monitor measurements in 2012 is com-
pared to the evaluated flux for year 2011. From this comparison it firstly results that the
boron content in the moderator changes year after year, in particular it increased from
2011 to 2012. Secondly, it shows up that in the 2012 measurement campaign the neutron
intensity seems about 13% lower than in the past, unless a loss of efficiency occurred,
possibly due to a change of the position of the SiMON detector or to a degeneration of
the 6Li converter foil. However, between 0.1 eV and 150 keV (the maximum energy to
which the Silicon Monitor could be used, see Table 3.2) the ratio between the flux in
2012 and the evaluated flux in 2011 shows that the shapes mostly agrees within 2% apart
from fluctuations at energies corresponding to dips due to in-beam material (such as Al

Fig. 5.10: n_TOF neutron flux in 2012 (black) compared with the 2011 evaluated flux. In the bottom panel the
ratio 2011/2012 shows a „ 13% decrease of the neutron intensity in 2012, but a constant behaviour in
shape between the two years starting from 0.1 eV. The deviation at lower energies is due to a change
in the boron content in the moderator.
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and Mn). This constant behaviour allows us to use the 2011 evaluated flux to extract the
yield for the 238U(n,γ) measurement starting from 0.1 eV neutron energy. The different
intensity is taken into account in the normalization procedure, which will be explained
in Section 5.5.

5.4 Background subtraction

The dead-time corrected spectra were evaluated as precisely as possible, and to determine
the background which affected the 238U(n,γ) measurement several contributions have
been identified.

Beam Off background. It is the only time independent source of background and
takes into account natural radioactivity and air activation. By definition, it can be
evaluated measuring the counts detected by scintillators when the beam is off. This
contribution turned out to be sensitive to the position of the sample in the sample
exchanger, and for this reason different measurements have been performed corre-
sponding to each position of the sample exchanger.

Sample Out background. This contribution is measured with the beam on but with-
out samples in the beam, and it counts all the sources of background present in the
experimental area not related to the sample itself. We studied also if the canning of
the sample, made of Al and kapton, affected the background of the measurement, and
their contribution was found to be negligible.

In-beam γ rays. This background is due to γ rays travelling along the neutron beam
and detected by scintillators after Compton scattering or pair production on the sam-
ple. These two processes have cross sections that depends on Z and Z2 respectively,
and therefore to evaluate this contribution a measurement on a sample with a negligi-
ble capture cross-section and a charge number as similar as possible to uranium was
needed. To this purpose a natPb sample was used.

Scattered neutrons. It is a sample-related neutron background and depends on the
neutron sensitivity of the detectors, which has been introduced in Section 4.4. As
outlined, neutrons scattered by the sample can in fact be later captured, or undergo
inelastic reactions in the material of the detector and experimental area. γ-rays pro-
duced in this way cannot be distinguished from capture events in the sample. Our
C6D6 scintillators are optimized to minimize this source of background, which could
be very significative because of the magnitude of elastic cross section with respect to
the capture one. We studied the contribution of scattered-neutron background both
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measuring a natC sample, which has a negligible capture cross-section with respect to
the elastic one, and through dedicated Monte Carlo GEANT4 simulations.

Two independent methods have been followed to evaluate and subtract the background
of 238U(n,γ) measurement. piq In the first method the time dependent background has
been evaluated studying the natPb contribution, which contains the sample out back-
ground as well as the one related to in-beam γ rays and scattered neutrons. The shape
of the resulting background has been properly scaled to uranium by taking advantages
of measurements with black resonance filters. The beam off contribution, measured at
the U sample position, was added in order to obtain the complete background function.
piiq In the second method we evaluated each single background components listed above
using experimental measurements combined to GEANT4 simulations. From now on, the
two methods are called filter-scaled and measured background, respectively.

It is important to remark that the analyses of background were carried out separately
for the two detectors, although to avoid superabundance not all the plots are presented
for both.

5.4.1 Filter-scaling background evaluation method

As outlined before, the n+natPb measurement has been used to evaluate the shape of
the time-dependent background, which contains the sample out, the in-beam γ rays and
the scattered neutrons backgrounds. Moreover, in order to avoid the statistical fluctua-
tions its shape was fitted with an analytical function based on a sum of parametrized
exponentials.

As a first step, we subtracted the beam off contribution sample by sample, and then
we fitted the contribution of the natPb sample with and without filters in beam. The use
of black resonance filters (see Table 5.3) helped us to properly scale the lead contribution
to uranium background level, following the procedure explained hereafter. Once found
the scale factor, we added the contribution of beam off background measured at the U
sample position in order to obtain the complete function for 238U(n,γ) background.

In Figure 5.11 the weighted counts as function of neutron time of flight are shown for
Bicron detector, both without (left panel) and with (right panel) black filters in-beam.

To subtract the time independent background it is convenient to look at the weighted
counts divided for the binwidth as a function of TOF, so that the independence of the
beam off background from the TOF is made explicit. For this reason, a constant function
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Table 5.3: Black resonance filters used to evaluate the level of 238U(n,γ) background.

Filter Black-resonance Black-resonance Thickness
Energy (eV) TOF (ns) (mm)

Ag 5.19 5.846ˆ 106 0.5
W 18.8 2.902ˆ 106 0.8
Co 132.0 1.159ˆ 106 0.25

Al 34.83ˆ 103 7.136ˆ 104 110
86.27ˆ 103 4.534ˆ 104

Fig. 5.11: TOF weighted counts recorded with Bicron detector (right) and when all filters (Ag, W, Co, Al) are
present in beam (left). Counts are divided for the binwidth and normalized to the number of protons.

which represents its contribution can be simply found, avoiding in that way fluctuations
due to counting statistic.

After the beam off background subtraction we used a sum of six parametrized expo-
nentials to reproduce the natPb contribution:

Pbptq “ A eBt ` C eDt ` E eFt ` G eHt ` I eJpt`1.e7q ` K eLpt`1.e7q ` M. (5.6)

The parameters have been obtained fitting the n+natPb counts for both detectors. In
Figure 5.12 the comparison between experimental data and the function in Eq. 5.6 with
proper parameters is shown together with the residuals.

As previously outlined, we determined the level of the background with the help of
measurements with black resonance filters in beam. The quantity of in-beam material
needed to this aim, however, is not negligible and attenuates both the neutron beam and
the in-beam photons. For this reason, a scaling procedure is needed to properly reproduce
the background present during the measurement. In this work we followed the procedure
introduced by Aerts et al. [172] for the analysis of the capture cross-section of 232Th in
the unresolved resonance region.

We firstly scaled the Pb contribution with filters in the beam to the U measure-
ment, by multiplying it for the ratio UF(Al35keV )/PbF(Al35keV q, where UF(Al35keV )
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Fig. 5.12: Fit of the lead contribution without (left) and with (right) filters in beam. Counts are intended as
counts per bin using 50 bins/decade, and normalized to the number of protons.

and PbF(Al35keV ) are the number of counts at the Al dip observed in uranium and lead
spectrum with all filters in beam. Afterwards, the function that reproduces the total
n+238U background is found using:

Bptq “ a tb `
k1

k2ptq
Pbptq, (5.7)

where to ease the fitting procedure the weighted counts are not divided for the binwidth.
Here, the first power function reproduce the beam off background at the 238U sample

position, and the values of a and b are obtained fitting the beam off background. The
k2ptq factor represents the ratio between lead contributions with and without filters, i.e.
k2ptq “ PbFptq{Pbptq, where PbF and Pb has the structure of Equation 5.6. Because
of the influence of the black-resonance filters, this ratio has a time dependence which
must be taken into account. The last factor k1 is deputed to scale the contribution of Pb
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Fig. 5.13: Capture yields are shown in black for Bicron (upper left panel) and FZK (upper right panel) detec-
tors, compared with the total background (red line) obtained via the filter-scaling procedure. In the
bottom panel the comparison between the two background-free yields is shown. The agreement is very
good from 100 eV up to 1 Mev, while at low energies one can clearly distinguish in the ratio some
inconsistencies corresponding to the valley of the resonances, probably due to a residual background
present in FZK detector.

without any filters to the 238U with filters in. To do this, we averaged the ratios between
Aluminum dips values in 238U with filters and Pb without:

k1 “
1

2

ˆ

UFpAl35keV q
PbpAl35keV q

`
UFpAl86keV q
PbpAl86keV q

˙

. (5.8)

Once found these coefficients, it was possible to determine a function which represents
the total background for 238U(n,γ) measurement. The uncertainty related to this function
is 5%. In Figure 5.13 the yield with the total background is shown for both detectors.
In the bottom panel the comparison between the normalized, background-free capture



112 5 238U(n,γ) measurement with C6D6: data reduction

yields points out the good agreement between the results obtained with the two detectors
separately, with the exception of the resonance valleys at En ă 100 eV, probably due to
some residual background in FZK detector. However, this background was fitted with
the R-matrix code SAMMY.

5.4.2 Single background-component evaluation method

To evaluate the background level, together with the filter-scaling method we followed
a second independent method, studying separately the contribution of each source of
background.

The beam off and sample out backgrounds have been determined through experimental
measurements. As we outlined above, the beam off background contribution depends on
the sample position in the sample exchanger. In particular, the sample out measurement
has been carried out in the position of the sample exchanger below the uranium sample.
Therefore, to find the proper background for the uranium sample, we subtracted to
the sample out background the corresponding beam off contribution and we afterwards
added to it the beam off background measured at the uranium sample position. In order
to avoid statistical fluctuations, the resulting shape has been fitted with a function as in
Eq. 5.6 to find the proper parameters. The uncertainty of the fit was 5%.

The background contribution originated from sample-scattered neutrons is an impor-
tant component of the background. In fact it follows the same energy dependence as the
capture events, being completely undistinguishable. Usually, at n_TOF we used to eval-
uate the contribution related to the neutron sensitivity of the detection system through
natC measurement. Since natural carbon can be considered as a pure scatterer (being its
capture cross-section negligible) all the counts detected by the scintillators are due to
scattered neutrons. Once extracted the carbon yield, it is scaled to take into account the
different areal density n and elastic cross sections σn between natC and 238U samples:

YU
n “

nU
nC

σU
n

σC
n

YC. (5.9)

Recent studies from Žugec et al., however, demonstrated that this method is unsat-
isfactory to proper determined the background component due to scattered neutrons.
In Ref. [168] is demonstrated that the high-energy part of the neutron beam induces
reactions whose products have an effect in the low energy (En À 100 eV) region of the
capture yield. Therefore, GEANT4 simulations have been performed so to understand
and estimate the scattered neutron background. In the simulation, the complete geom-
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Fig. 5.14: Scattered-neutron background obtained from GEANT4 simulations for the FZK detector. The counts
are weighted with the 238U weighting function, and normalized to the number of protons. The left
panel shows the contribution from different energy regions of the incident neutron beam, while in
the left panel the total background determined with simulations is compared with the one determine
through n+natC measurement.

Fig. 5.15: Initial in-beam γ-rays energy distribution as simulated with the Monte Carlo code FLUKA (right)
and as a function of the arrival time of γ-rays in the experimental area (left). The effects of the γ-flash
are excluded with a condition in the arrival time tγ ą 200 ns. The two clearly visible lines in the
spectrum corresponds to the 480-keV γ rays coming from the n+10B reaction and the 2.2 MeV γ rays
from the deuterium formation.

etry of EAR-1 for the 238U(n,γ) measurement was implemented, and a particular care
was put to validate the reliability of the γ-ray cascades generated within GEANT4 in
the neutron capture reaction. All the details can be found in Ref. [168]. The output of
the simulation has been analyzed with the same conditions of the experimental data. In
particular, we applied the weighting functions with homogenous emission, and the same
normalization factor and time-to-energy calibration. In Figure 5.14 the scattered neutron
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background obtained from GEANT4 simulations is shown for FZK detector. In the left
panel the contribution from three different energy regions of the incident neutron beam
can be seen. From the figure it is clear that the high energy part of the incident neutron
beam (En ą 200 keV) significantly contributes to the scattered neutron background at
low energies. The right panel shows the comparison between the total scattered neutron
background obtained with simulations and the one estimated scaling the carbon yield
with Eq. 5.9. It results that the simple n+natC measurement underestimates the scat-
tered neutron background, in particular not taking into account the contribution due to
the high-energy incident neutrons.

The shape of the background due to in-beam γ rays is given by n+natPb measure-
ment once subtracted by beam off and sample out contributions. To take into account
the difference in areal density between uranium and lead sample, as well as the differ-
ent charge number Z, GEANT4 Monte Carlo simulations have been performed, using
the same geometry implemented to determine the detector responses for the weighting
functions calculation (see Figure 5.6). The initial in-beam γ-rays distribution has been
provided from Monte Carlo FLUKA [146] simulations, and we put a condition on the
arrival time of γ rays tγ ą 200 ns to eliminate signal from the γ-flash (see Figure 5.15).
The output of the GEANT4 simulations gives the deposited energy in the two detectors
when a γ ray impinges on the uranium or on the lead sample. We weighted the counts
using the weighting functions obtained with homogeneous γ-ray emission and with the
same analysis condition on the deposited energy: 0.250 MeV ă Edep ă 5.53 MeV. The
ratio between the counts detected with the U sample over the counts detected with the
Pb sample gives the scale factor to apply to the lead yield to find the in-beam γ-ray
background.

Once studied and evaluated all the background components we summed over all the
contributions in order to find the total background for the measurement. In Figure 5.16
the 238U capture yield is shown together with the background dismantled in its different
components for the two detectors (Bicron: upper left panel, FK: upper right panel). In the
bottom panel of the figure the background-free yields of the two detectors are compared,
and results to be in good agreement from few eV up to 1 MeV. At lower energies the
background in FZK detector results to be quite higher with respect to Bicron one. As
previously outlined, the R-matrix code SAMMY can take into account the effects of
residual background, and therefore the two yields can be safely added.
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Fig. 5.16: Capture yield is shown in black for Bicron (upper left panel) and FZK (upper right panel) detectors,
compared with the total background (red line) obtained via the filter-scaling procedure. In the bot-
tom panel the comparison between the two background-free yields is shown. The agreement is very
good from 100 eV up to 1 Mev, while at low energies one can clearly distinguish in the ratio some
inconsistencies corresponding to the valley of the resonances, probably due to a residual background
present in FZK detector.

5.4.3 Residuals background

Besides the background components listed at the beginning of this section, which we
estimated through two independent methods, there could be some residual backgrounds.
They are usually completely negligible, with an influence which remains within the un-
certainties related to normalization or background subtraction. However, for this work,
the 238U(n,γ) cross section should be determined as precise as possible and therefore all
the possible sources of background should be investigated.

First of all, we studied the inelastic scattering channels. As can be seen from the left
panel of Figure 5.17, its cross section begins to be significative for En Á 70 keV. The
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Fig. 5.17: Left panel: Neutron inelastic cross sections compared to the capture one (data from JEFF-3.2 li-
brary). Inelastic scattering cross-section becomes significative for En Á 70 keV. Right panel: Inelastic
scattering contribution to the background as evaluated from GEANT4 simulations. This contribution
becomes significative for incident neutron energies above 200 keV.

contribution to the background related to inelastic scattering has been evaluated through
GEANT4 simulations. In principle, this background contribution is suppressed by the
detector threshold Edep ą 250 keV, which corresponds to γ-ray energy of about 400
keV (and is therefore negligible for neutron energies below 400 keV). However a Monte
Carlo simulation is required since the energy of the gamma ray produced in the inelastic
scattering has to be convoluted with the energy-resolution of the detector. The results are
shown in the right panel of Figure 5.17, where this contribution is compared to the total
capture yield. It results that the effect of the energy resolution of the detector makes this
background non-negligible for neutron energies greater than 200 keV. This background
contribution was added to both filer-scaled and measured backgrounds.

At high energy, another problem arises related to the opening of the fission channel
combined to the Pulse Height Weighting Technique. In fact, at incident neutron energies
En Á 100 keV the fission channel starts to be open, but its cross section is 2 ˜ 3 order
of magnitudes lower than the capture one. However, applying the weighting functions
to the counts the contribution of events with high energetic γ rays (Edep „ few MeV) is
enhanced, which is the case for fission events. Moreover, the multiplicity for fission events
is higher, and consequential also the scintillator efficiency to detect a γ ray. These two
effects could contribute to make the fission channel significative also in the hundreds of
keV energy region. To verify this assumption, we studied the ratio between the unweighted
counts C and the weighted one Cw , which is shown in the right panel of Figure 5.18. From
the ratio a clear drop is visible at En „ 480 keV, which means an artificial increase of the
measured counts due to the weighting functions. For this reason, we decided to consider
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Fig. 5.18: Left panel: Neutron fission cross sections compared to the capture one (data from ENDF/B-VII.1
library). The opening of fission channel is at En Á 100 keV. Right panel: Ratio between unweighted
C and weighted Cw counts from 238U(n,γ). A drop is clearly visible at 480 keV, which means that
the weighting function artificially increases the measured counts, probably because of the presence of
high-energy, high-multiplicity γ-rays from fission.

the 238U(n,γ) yield up to 480 keV. This choice also excludes background effects related
to the influence of the γ-flash.

5.4.4 Comparison between the two methods

To associate an uncertainty to the level of the background, we compared the results
obtained subtracting the background with the two different methods described above.
In Figure 5.19 the two different normalized, background-free yields are plotted together
with the ratio between the two (bottom panel in the figure).

This ratio reveals that for En ă 1 eV a systematic deviation of about 10% is present
between the two yields, Ymeas{Yfilters „ 10%.

In the Resolved Resonance Region, from En “ 1 eV to 3 keV, the two yields agree
within 4% apart from some point in the resonance valleys. In particular, the yield ob-
tained subtracting the measured background shows a lower residual component in some
resonance valleys.

In the Unresolved Resonance Region, from En “ 3 keV to 100 keV the agreement is
within the 4% as for the RRR, apart from energies corresponding to the two Al reso-
nances at 35 keV and 86 keV, in which the yield obtained with the filter-scaled background
presents two dips. The presence of Al absorption is due to in-beam materials (such as
vacuum windows), and should give the same contribution both to capture and back-
ground counts. The dips in the background-subtracted yield indicates that this method
is overestimating the background contribution at high energy. This is consistent to the
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Fig. 5.19: 238U(n,γ) normalized capture yield, obtained subtracting the filter-scaled background (red) and the
measured background (blue) following the procedures described above. Thermal, Resolved and Un-
resolved Resonance region are zoomed out to better visualize the differences between the two yields.
The percentage deviation between the two backgrounds is an estimation of the uncertainty in the level
of background, and is reported in Table 5.4.

subsequent deviation of about 20% between the two yields for 100 keVă En ă 300 keV.
For higher energies both the filter-scaled and the measured background become negligi-
ble with respect to the one related to inelastic scattering, and therefore the yields agree
once more.

Since the background obtained with the filter-scaled method is affected by lager un-
certainties (e.g. presence of Al in the beam and very low counting rate in the absorption
dips) we decided to use the yield obtained subtracting the measured background.

From the comparison of the two yields, however, we are able to associate an uncertainty
in the level of background, listed in Table 5.4. How these uncertainties propagate in the
experimental yield depends on the signal to background ratio. This aspect is discussed
in the next chapter (Section 6.2).
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Table 5.4: Uncertainty on the level of 238U(n,γ) background.

Region Incident neutron Uncertainty
Energy (eV) (%)

Thermal 0.027 ă En ă 1 8´ 10%

RRR 1 ă En ă 3ˆ 103
5% - Resonance valleys
ă 2% - Resonance peaks

URR 3ˆ 103 ă En ă 100ˆ 103 4%
100ˆ 103 ă En ă 480ˆ 103 10%

5.5 Capture Yield normalization

To find the normalization factor in Eq. 4.2 we applied to the counts first the weighting
functions obtained with an exponential attenuation within the sample, and then the
time-to-energy calibration. Moreover, a correction for the dead-time of the detectors
is needed to correct for the rate dependence of counting losses in neutron time-of-flight
measurements, as described in Ref. [166]. Afterwards, we divided te counts by the neutron
flux obtaining an un-normalized capture yield to which the saturated resonance method
is applied, as will be described hereafter.

The 238U sample has been chosen in such a way that in the first three resonances all
the neutrons arriving at the sample undergo at least one interaction, thus being saturated
at their peaks. At this point the experimental capture yield YcpEnq becomes constant and
close to one, and the normalization factor N is determined by comparing the measured
yield with the expected one at the saturated region of the first three resonances. As
demonstrated in Ref. [167], a normalization obtained from a saturated resonance for
which Γn ! Γγ is nearly independent of the resonance parameters and target thickness.

The expected capture yields have been calculated separately for the two detectors with
the resonance shape analysis code SAMMY [110]. A fit of the normalization factor has
been performed starting from the resonance parameters present in ENDF/B-VII.1 library
and letting only the resonance energy and the normalization value as free parameters.
The result for the first resonance at 6.67 eV is shown in Figure 5.20 for FZK detector.
To better understand the quality of the fit, for each bin we also calculated the Residuals:

Residuals “
data´ fit
∆statistical

, (5.10)

where ∆statistical is the uncertainty due to counting statistic. The distribution of the
residual is expected to be a normal distribution centered in 0, the width of which is a
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Fig. 5.20: Left panel: First saturated resonance at 6.67 eV measured with FZK scintillator (red point) and fitted
with SAMMY (blue line). At the bottom also the residuals are plotted to show the quality of the fit.
Right panel: Only the saturated plateau has been fitted to better identify the normalization factor.
The yield has been extracted with 5000 bins/decade.

Fig. 5.21: Second saturated resonance at 20.9 eV (right panel) and third saturated resonance at 36.7 eV measured
with FZK scintillator (red point) and fitted with SAMMY (blue line). At the bottom also the residuals
are plotted to show the quality of the fit. The yield has been extracted with 5000 bins/decade.

representation of how much the difference between the data and its fit deviates from the
statistical uncertainty.

To extract the normalization factor without being influenced by the resonance tails,
the fit has been performed only in the saturated plateau of the resonance, as shown in
the right panel of Figure 5.20.

The second (20.9 eV) and third (36.7 eV) resonances have a higher scattering cross
section (Γn{Γγ “ 0.06, 0.44 and 1.46 for the 6.7, 20.9 and 36.7 eV resonances respectively),
as can be seen from the contributions due to the various neutron scattering inside the
sample shown in Figure 5.21 (for comparison, also in Figure 5.20 these contributions are
shown, which result to be almost completely negligible). However, the correction for the
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multiple scattering implemented in SAMMY allowed us to fit these resonances as well.
In Table 5.5 the results of the fit of the three resonances are listed for both detectors.
The final normalization factors have been chosen as the average of the three values,
which have a 1% deviation between themselves chosen as the normalization uncertainty:
Nbic “ 0.844˘ 0.008 and Nfzk “ 0.991˘ 0.009.

Table 5.5: Normalization factor for the 238U(n,γ) yield for Bicron and FZK scintillators.

Detector Normalization factor Percentage deviation

N1 N2 N3 N1{N2 N2{N3 N1{N3

Bicron 0.838 0.837 0.856 0.06% 2% 2%

Nbic “ 0.844 ∆Nbic{Nbic “ 1%

FZK 0.999 0.982 0.992 2% 0.9% 0.7%

Nfzk “ 0.991 ∆Nfzk{Nfzk “ 1%

The normalization is a fundamental point for an accurate and precise extraction of the
experimental yield. Exploiting a saturated resonance means to experimentally determine
the geometrical beam-sample interception area eliminating any errors due to sample
alignment. Moreover, this method allowed us also to correct for the absolute value of the
incident neutron flux that, as showed in Section 5.3.2, could change year by year.

In addition, since we used the saturated resonances from 238U(n,γ), the yield is self-
normalized and the uncertainties are drasticcally reduced. For instance, we eliminated
inconsistencies due to internal-conversion processes and problems related to the align-
ment of the samples that can arise if a reference sample, such as 197Au, is used.

5.6 Summary

In this Chapter we described all the details of the data reduction procedure and yield
extraction for the 238U(n,γ) measurement. Starting from the description of the experi-
mental campaign, we showed how the stability of the detection system has been checked.

After the proper determination of the weighting functions, needed to apply the total
energy technique, we proceeded to the extraction of the capture yield.

We justified the use of the 2011 evaluated flux, showing the good agreement with the
2012 flux from Silicon Monitor.
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Particular attention has been paid to the subtraction of the background. Two different
methods have been followed, and from the comparison between the two we associated an
uncertainty to the background level of 2% to 10% depending on the energy region.

We described the normalization procedure exploiting the saturated resonance method
together with the associated uncertainty.

These steps are the basic requirements for the final goal of the measurement: to provide
the 238U(n,γ) reaction cross-section as precise as possible, so to reach, once combined
with the other measurements, the 2% uncertainty.



Chapter 6
238U(n,γ) measurement with C6D6:
results

The capture yield obtained as described in the previous chapter is used to extract the
238U(n,γ) reaction cross section. In particular, in the Resolved Resonance Region (RRR)
(1 eV ă En ă 3 keV) we analyzed the experimental yield with the resonance shape
analysis (RSA) code SAMMY to obtain the parametrization of the capture cross-section
in term of resonance parameters. Since RSA codes need starting values for the resonance
parameters the JEFF-3.2 neutron data library was used. In the Unresolved Resonance
Region (URR) the cross section is obtained from the experimental yield by applying
a correction factor to take into account the sample-related effects of self-shielding and
multiple scattering. The resulting cross section and the cross-section parameters are
compared to the values present in literature.

6.1 The SAMMY code

The multilevel multichannel R-matrix code SAMMY [110] was developed by Dr. Nancy
Larson and released for use in analysis of neutron-induced cross section data at the Oak
Ridge Electron Linear Accelerator in 1980. It is now widely used to analyze a great
variety of data, thanks to the corrections for several experimental conditions available
in the code, such as Doppler and resolution broadening, multiple-scattering corrections
for capture or reaction yields, normalizations and backgrounds. This work exploits the
SAMMY code with the purpose to evaluate the resonance parameters of 238U(n,γ) cross
section in the Resolved Resonance Region.

The theoretical reaction yield is obtained through the Reich-Moore approximation of
the multi-level R-matrix formalism (see Section 2.2.1.3), and convoluted with the ex-
perimental resolution. The resonance parameters together with other parameters related
to the experimental set up (like, for example, normalization, background level, effective

123
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temperature, target thickness) can be determined by a least-square fit to the experi-
mental data. The fitting procedure is the Bayes’ method (generalized least-square), and
consist in the minimisation of the χ2 defined as:

χ2pa,bq “ pD´ Tpa,bqqT V´1ZD
pD´ Tpa,bqq . (6.1)

Here, a is the vector of resonances and b the vector of experimental parameters. The
experimental data are represented by a data vector D, while T represents the corre-
sponding theoretical values (i.e., calculated values of cross section or transmission plus
corrections). The covariance matrix VZD represents not only the experimental errors of
the data but also any theoretical errors resulting from approximations used in calculating
T. Within the code the full covariance matrix is properly treated.

6.2 Discussion on the uncertainties

The total uncertainty in the 238U(n,γ) cross section is a combination of several com-
ponents related to the sample characteristics and the analysis procedure. Alongside the
uncorrelated uncertainty due to the counting statistics, correlated uncertainties are in-
volved.

The uncertainty related to sample characterization is almost negligible since the sample
mass has been determined at the EC-JRC-IRMM with an accuracy of about 1%�.

An important source of correlated uncertainty is the yield normalization. Applying
an internal normalization derived from the first three saturated resonances (En “ 6.673

eV, En “ 20.871 eV and En “ 36.681 eV) the uncertainty in the normalization factor
is reduced to less than 1%. This correlated uncertainty component has to be combined
with an uncertainty ranging from 1% to 5% due to the neutron flux shape.

The background subtraction plays a fundamental role in determining the uncertainties
at all energies, this is why its determination required a detailed study. In Table 5.4 the
relative uncertainties on the background level are listed. These uncertainties propagate
to the final capture yield depending on the signal to background ratio S{B:

Background-subtraction uncertainty “
ˆ

∆B
B

˙

1

S{B
(6.2)

where B represents background counts. Therefore, for energies within the RRR the er-
ror due to background subtraction is almost completely negligible, being the signal to
background ratio more than a factor of 10. In the URR the signal to background ratio is
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about a factor of 2, and therefor for 3 keV ă En ă 100 keV the error due to background
subtraction is „ 2%, while for 100 keV ă En ă 480 keV is „ 5%.

In Table 6.1 all the correlated uncertainties are listed for the different energy ranges.

Table 6.1: Summary of the correlated uncertainties in the 238U(n,γ) cross section measurement.

Source of Uncertainty Uncertainty Reference
uncertainty RRR URR

Sample mass 0.03% 0.03% Section 5.1.1

Neutron flux - shape 1-2% 3<En<100 keV: 4-5% Section 3.4.1
100<En<480 keV: 2%

Normalization 1% 1% Section 5.5

Background subtraction 1-2% 3<En<100 keV: 2% Section 5.4.4
100<En<480 keV: 5%

Total 2-3% 3<En<100 keV: 4.5-5.5%
100<En<480 keV: 5.5%

6.3 Analysis of the RRR

As previously pointed out, in the Resolved Resonance Region the level distance D is large
compared to the natural width Γ and the instrumental resolution. As shown in Figure 3.7
this condition is satisfied at the n_TOF spectrometer up to En “ 20 keV. However, the
signal to background ratio decreases as the energy increases, and the statistics determines
the upper energy limit of the RRR. Within this measurement, we can accurately resolve
resonances up to En “ 2.2 keV, and the highest resonance we can analyze is at 2.95 keV.

Within this energy region, a resonance shape analysis has been performed, by means of
the R-matrix code SAMMY, on the yield obtained at n_TOF. The resolution function of
the n_TOF spectrometer is implemented in SAMMY via a numerical description derived
from Monte Carlos simulations (see Section 3.3.2.2).

Although we analized the background-subtracted capture yield, some residual back-
ground can be present. As previously outlined, the SAMMY code gives an independent
value to the background level through the fitting procedure. We found two different
residual-background components, one constant and one exponential, which are shown in
the left panel of Figure 6.1 and follow the equation:

BpEq “ aebE ` c, (6.3)
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Fig. 6.1: Residual background present in the capture yield. Left panel: black points are the values given by the
SAMMY best fit for the background level parameter in different energy intervals, and follow Eq. 6.3
given as a blue line. Right panel: the obtained residual background is plotted in comparison with the
capture yield.

where a “ 6.29ˆ10´4 eV, b “ ´2.7 eV´1 and c “ 7.8ˆ10´6 eV. From the figure is clear
that from En “ 1.5 keV the residual-background is represented by only the constant
component, while at lower neutron energies some additional background needs to be
included. The identified residual background barely influenced the capture yield, as can
be seen in the right panel of Figure 6.1.

Once subtracted this additional background to the capture yield, we proceed to extract
from it the resonance parameters as explained in Section 6.1. Starting from initial values
taken from JEFF-3.2 library, our fitting strategy is to leave as free parameter only the
smallest between radiative Γγ and elastic Γn partial widths, while the other one was kept
fixed. In few cases, in order to improve the description of the resonance shape analysis
we left both the partial widths free.

In Figure 6.2 and 6.3 the measured capture yield together with the SAMMY best-fit
curve are shown. The residuals are plotted in the bottom panel to underline the quality
of the fit.

From the resonance parameters obtained through the SAMMY fit procedure we calcu-
lated the resonance kernels κ, defined in Eq. 2.72. The values are listed in Table 6.2 and
we used this quantity to compare our data to ENDF/B-VII.1 and JEFF-3.2 libraries and
to the results obtained with the Total Absorption Calorimeter (also referred to as TAC).
This measurement has been performed at n_TOF in 2011 with the same 238U sample of
the present work. The preliminary results have been presented by T. Wright et al. [63],
and the resonance shape analysis has been carried out leaving both the partial widths
as free parameters in the fitting procedure. To the TAC data an uncertainty Á 2% has
been associated.
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Fig. 6.2: Experimental capture yield for 238U(n,γ) reaction obtained with C6D6. The SAMMY best-fit curve is
plotted as well. The bottom panels shows the residuals to underline the quality of the fit.
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Fig. 6.3: Continued from previous page.

Kernels obtained leaving both Γn and Γγ partial widths as free parameters during
the fitting procedure in our work are marked with an asterisk in Table 6.2. The first
three resonances are not included because, being saturated, the resonance shape analysis
cannot give accurate parameters.

From the table it is visible that some kernels, most of which obtained from a 2-
parameters fit, have large relative errors. This is due to a lack of statistics for resonances
with small counting rates, and more reliable results will be obtained combining this
data-set to the one obtained with the TAC.

Table 6.2: Resonance kernels (κ) for 238U+n calculated from parameters obtained from SAMMY fit of n_TOF
C6D6 data, and from ENDF/B-VII.1 and JEFF-3.2 libraries and from TAC data.

C6D6 TAC ENDF/B-VII.1 JEFF-3.2
ER κ ∆κ{κ κ κ κ

(eV) (meV) % (meV) (meV) (meV)

66.03 12.0˘ 0.08 0.6 12.08 11.87 11.89
80.75 1.77˘ 0.02 1 1.73 1.73 1.74
102.56 17.9˘ 0.1 0.7 17.67 17.97 17.61
116.89 11.6˘ 0.1 0.9 11.79 11.86 12.05
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Table 6.2: Resonance kernels (κ) for 238U+n calculated from parameters obtained from SAMMY fit of n_TOF
C6D6 data, and from ENDF/B-VII.1 and JEFF-3.2 libraries and from TAC data.

C6D6 TAC ENDF/B-VII.1 JEFF-3.2
ER κ ∆κ{κ κ κ κ

(eV) (meV) % (meV) (meV) (meV)

145.66 0.93˘ 0.02 2 0.88 0.85 0.85
165.32 3.03˘ 0.05 2 2.94 2.82 2.82
189.68 19.2˘ 0.2 1 19.00 20.71 20.70
208.53 15.3˘ 0.2 1 15.37 15.66 15.70
237.40 12.0˘ 0.2 2 13.19 12.90 12.95
273.68 11.7˘ 0.2 2 12.09 12.32 11.94
291.02 9.8˘ 0.2 2 9.83 9.66 9.55
311.35 1.14˘ 0.04 3 1.03 1.01 1.00
347.83 17.0˘ 0.3 2 16.32 17.11 17.25
376.97 1.11˘ 0.05 4 1.07 1.06 1.07
397.64 5.0˘ 0.1 3 4.88 4.62 4.62
410.27 11.0˘ 0.3 2 10.88 10.44 10.54
434.12 7.3˘ 0.2 3 7.05 6.91 6.87
463.25 4.7˘ 0.1 3 4.55 4.43 4.42
478.49 3.7˘ 0.1 3 3.41 3.40 3.40
488.89 1.0˘ 0.4 44 0.90 0.83 0.83
518.44 15.6˘ 0.4 2 15.82 15.28 15.39
535.38 15.0˘ 0.4 3 14.93 15.60 15.72
580.20 13.3˘ 0.4 3 14.95 14.39 14.49
595.14 17.4˘ 0.4 2 17.30 18.20 18.20
620.07 12.9˘ 0.4 3 12.37 13.04 13.15
628.63 5.0˘ 0.2 3 4.95 5.12 5.20
661.29 20.0˘ 0.6 3 19.77 20.29 20.45
693.17 14.6˘ 0.4 3 14.32 14.83 14.92
708.38 11.3˘ 0.4 4 10.80 11.30 11.36
721.68 1.45˘ 0.09 6 1.25 1.12 1.36
730.20 1.0˘ 0.9˚ 88 1.01 1.00 0.98
765.18 6.3˘ 0.3 4 5.96 6.43 6.43
790.89 5.0˘ 0.2 5 5.06 5.21 5.19
821.69 15.6˘ 0.5 3 15.82 16.64 16.80
851.14 17.1˘ 0.7 4 16.36 17.38 17.21
856.22 19.0˘ 0.6 3 17.58 18.53 18.47
866.59 5.0˘ 0.2 4 4.61 4.74 4.74
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Table 6.2: Resonance kernels (κ) for 238U+n calculated from parameters obtained from SAMMY fit of n_TOF
C6D6 data, and from ENDF/B-VII.1 and JEFF-3.2 libraries and from TAC data.

C6D6 TAC ENDF/B-VII.1 JEFF-3.2
ER κ ∆κ{κ κ κ κ

(eV) (meV) % (meV) (meV) (meV)

905.17 15.7˘ 0.6 4 15.25 16.65 16.19
925.20 9.6˘ 0.4 5 9.55 9.36 9.68
937.17 19.4˘ 0.7 4 18.82 20.56 20.58
958.67 21.3˘ 0.8 4 18.96 20.91 20.65
991.76 22.6˘ 1 4 21.25 22.82 22.81
1023.11 7.2˘ 0.4 6 6.50 6.56 6.56
1054.64 18.2˘ 0.8 4 17.55 18.54 18.54
1098.86 9.4˘ 0.5 5 9.76 11.14 11.14
1109.27 14.3˘ 0.7 5 14.21 14.14 14.14
1140.53 18.9˘ 0.9 5 19.16 20.97 20.97
1167.83 18˘ 1 6 17.31 18.33 18.33
1177.40 16.9˘ 0.8 5 16.85 17.08 17.08
1195.03 17.9˘ 0.8 5 17.39 18.56 18.56
1211.32 6.5˘ 4 61 6.63 4.01 6.54
1245.27 20˘ 1 5 18.86 21.13 21.13
1267.26 12.2˘ 0.7 5 13.04 12.95 12.95
1273.20 13.6˘ 0.7 6 11.42 12.28 12.28
1298.82 3.5˘ 3 76 3.33 3.36 3.36
1394.04 19.3˘ 1 6 20.64 20.77 20.77
1405.67 17.6˘ 1 6 17.62 17.58 17.58
1420.01 6.1˘ 0.5 8 6.80 6.86 6.86
1428.25 13.7˘ 0.8 6 12.15 12.95 12.95
1444.33 9.8˘ 0.7 7 9.59 9.86 9.86
1474.08 18.0˘ 1 5 18.03 19.41 19.41
1522.95 21.0˘ 1 6 19.93 21.05 21.05
1565.54 6.1˘ 0.7 12 4.72 4.71 4.71
1591.69 1.3˘ 1 92 1.29 1.29 1.29
1598.16 21.2˘ 1 5 20.79 21.70 21.70
1622.95 18.1˘ 1 5 17.13 18.83 18.83
1638.34 15.4˘ 1 6 15.39 15.82 15.82
1662.70 18.8˘ 1 6 19.66 20.91 20.91
1689.05 17.6˘ 1 6 18.69 18.98 18.98
1710.06 17.6˘ 1 7 17.52 18.14 18.14
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Table 6.2: Resonance kernels (κ) for 238U+n calculated from parameters obtained from SAMMY fit of n_TOF
C6D6 data, and from ENDF/B-VII.1 and JEFF-3.2 libraries and from TAC data.

C6D6 TAC ENDF/B-VII.1 JEFF-3.2
ER κ ∆κ{κ κ κ κ

(eV) (meV) % (meV) (meV) (meV)

1723.05 9.9˘ 0.7 7 10.52 10.45 10.45
1756.14 19.2˘ 1 6 18.22 19.65 19.65
1782.61 23.9˘ 18 76 20.10 20.94 20.94
1783.17 20˘ 16 80 20.91 21.82 21.82
1808.67 12.0˘ 0.8 7 11.06 10.86 10.86
1846.35 9˘ 6˚ 71 8.08 7.95 7.95
1903.08 15.1˘ 1 8 15.77 15.47 15.47
1917.44 16.8˘ 1 7 15.76 15.14 15.14
1954.05 3.6˘ 3 85 3.74 3.73 3.73
1969.29 20.6˘ 2 9 21.10 22.36 22.36
1975.18 20.6˘ 2 9 21.48 21.94 21.94
2023.99 17.4˘ 1 7 19.21 20.92 20.92
2030.79 15.0˘ 1 8 15.72 15.84 15.84
2088.87 12.7˘ 1 9 13.14 12.69 12.69
2096.60 12.9˘ 1 8 12.91 13.18 13.18
2145.86 17.7˘ 2 9 17.67 17.62 17.62
2153.07 21˘ 2 8 20.47 21.41 21.41
2186.90 23˘ 2 7 22.05 22.15 22.15
2201.65 20˘ 7˚ 36 20.89 21.59 21.59
2260.03 15˘ 2 10 17.63 18.82 18.82
2264.50 6˘ 2˚ 39 5.14 5.14 5.14
2266.89 20˘ 3˚ 16 19.38 20.95 20.95
2282.24 20˘ 2 8 19.54 20.64 20.64
2316.23 10˘ 6 56 10.27 10.24 10.24
2353.11 16˘ 2 11 15.93 16.01 16.01
2356.07 21˘ 2 9 19.08 18.31 18.31
2392.34 16˘ 1 9 13.58 13.48 13.48
2427.27 21.6˘ 2 7 19.14 20.18 20.18
2447.08 20.5˘ 2 8 20.93 20.92 20.92
2456.11 11˘ 8˚ 72 10.89 10.92 10.92
2489.54 22˘ 3 15 16.58 18.96 18.96
2521.73 12˘ 6˚ 49 12.63 11.55 11.55
2548.55 24˘ 2 9 22.36 22.30 22.30
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Table 6.2: Resonance kernels (κ) for 238U+n calculated from parameters obtained from SAMMY fit of n_TOF
C6D6 data, and from ENDF/B-VII.1 and JEFF-3.2 libraries and from TAC data.

C6D6 TAC ENDF/B-VII.1 JEFF-3.2
ER κ ∆κ{κ κ κ κ

(eV) (meV) % (meV) (meV) (meV)

2559.93 22˘ 2 9 21.07 21.35 21.35
2581.52 23.5˘ 2 9 19.47 21.93 21.93
2597.99 27˘ 3 10 19.61 22.36 22.36
2620.42 17˘ 6˚ 36 15.96 15.90 15.90
2672.58 21˘ 2 9 20.52 21.37 21.37
2696.90 16˘ 7˚ 44 14.04 14.30 14.30
2717.68 24˘ 2 8 19.80 20.39 20.39
2751.21 21˘ 9˚ 42 18.14 17.90 17.90
2763.01 12˘ 6˚ 48 11.23 10.92 10.92
2787.89 11˘ 7˚ 65 11.12 10.84 10.84
2806.88 9˘ 4˚ 44 8.29 8.05 8.05
2829.77 12˘ 8˚ 70 12.04 11.97 11.97
2865.84 20˘ 2 9 19.08 20.88 20.88
2883.21 20˘ 2 11 21.05 22.24 22.24
2934.11 17˘ 6˚ 36 15.24 15.25 15.25
2957.45 12˘ 6˚ 51 12.72 12.67 12.67

6.3.1 Comparison with ENDF/B-VII.1 and JEFF-3.2

As previously outlined, we used the resonance kernels to compare the present data with
evaluated data libraries. For the comparison, we analyzed the ratio of C6D6 kernels over
others, and we studied this ratio as a function of: piq resonance energy ER, piiq the kernels
themselves, and piiiq the ratio gΓn{Γγ, being g the statistical spin factor. Each comparison
will be analyzed and explained in this section.

In Figure 6.4 C6D6 kernels over ENDF/B-VII.1 and JEFF-3.2 are shown as a function
of resonance energy. This plot tests the accuracy of our measurement. Because of the large
number of measurement carried out so far, and the effort spent in producing an accurate
238U(n,γ) evaluation, as described in Section 1.7.1, the values of resonance kernel ratios
are expected to be distributed around one. However, in some cases the two libraries
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Fig. 6.4: Resonance kernels ratio as a function of resonance energy: C6D6 over ENDF/B-VII.1 as black points,
C6D6 over JEFF-3.2 as red points. From En “ 1.5 keV onward the two libraries report exactly the
same sets of resonance parameters. Green points are kernels obtained with the two partial widths as
free parameters of SAMMY fit.

Fig. 6.5: Resonances at ER “ 721.68 eV and ER “ 1211.31 eV. Data from this work are red points, and the
SAMMY best fit is shown as a blue line. Calculations performed using JEFF-3.2 and ENDF/B-VII.1
resonance parameters are shown as green and black lines respectively. It is visible that the ENDF/B-
VII.1 library wrongly reported the parameters for both resonances, and in particular it underestimates
the values of the capture kernels. See text for a detailed explanation.

present sizable differences for some resonances below 1.5 keV. In this energy region,
there are two resonances, at 721.68 eV and 1211.31 eV, which strongly differs from those
indicated by the ENDF/B-VII.1 library, while are in good agreement with JEFF-3.2.
This indicates that the evaluated values of the capture partial width are underestimated
in ENDF/B-VII.1 library, being Γγ “ 3.15 meV and Γγ “ 6.6 meV respectively.These
two resonance have larger capture widths, as correctly reported in JEFF-3.2: Γγ “ 23.0

meV and Γγ “ 17.55 meV respectively (see Figure6.5).
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To better understand the comparison between this work and evaluated resonance
parameters, we studied the statistical distribution of resonance kernel ratios shown in
Figure 6.6 (we neglected the two incorrect resonances of ENDF/B-VII.1). We found that,
for 1 eV ă ER ă 1.5 keV, the ratios have a gaussian distribution centered in 1, with a
standard deviation σ “ 0.06, as shown in the right panel of Figure 6.6. The distribution
for all energies (1 eV ă ER ă 3 keV) has a slightly larger mean value µ “ 1.01, meaning
that we are overestimating the resonance kernels of about 1%, and a larger standard
deviation σ “ 0.08. Moreover, from the left panel of Figure 6.6, it is clear that the
distribution is not perfectly gaussian, with a large right tale (in the direction of higher
resonance kernels). As can be seen from the bottom panel of Figure 6.6, this behaviour is
related to high energy resonances: from 2.2 keV to 3 keV, in fact, C6D6 resonance kernels
are 7% above evaluated ones on average. In this energy region the data starts to suffer

Fig. 6.6: Statistical distribution of resonance kernel ratios for different energy regions: black line indicates C6D6

over JEFF-3.2, red line C6D6 over ENDF/B-VII.1. The gaussian best-fit curve is also plotted with the
same color code (for energies above 1.5 keV the two libraries adopt the same parameters, therefore only
one curve is shown).
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Fig. 6.7: Top panel: C6D6 resonance kernels over JEFF-3.2 as a function of JEFF-3.2 resonance kernels. For κ ă
2.3 meV C6D6 data stay systematically above evaluated parameters. Bottom panel: C6D6 resonance
kernels over the ratio gΓn{Γγ (partial widths from JEFF-3.2).

for lack of statistic, and therefore resonances observed in this work could be analyzed up
to 2.2 keV.

Resonance kernel ratios, i.e. kernels obtained from this measurement over the ones
calculated from data libraries, can be studied as a function of resonance kernel itself or
of the ratio gΓn{Γγ, in order to find the presence of systematic effects related to resonance
strength or to neutron scattering respectively. In Figure 6.7 the two plots are shown, the
abscissa of which reports JEFF-3.2 evaluated values.

In the left panel the plot of kernel ratios versus JEFF-3.2 kernels is shown, from which
it is visible that for small resonance (with kernels κ ă 2.3 meV) measured resonance
parameters are systematically above evaluated ones. Despite the low strength of these
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Fig. 6.8: Resonances at ER “ 145.66 eV (top left), ER “ 311.35 eV (top right), ER “ 488.89 eV (bottom left)
and ER “ 1565.54 eV (bottom right). Data from this work are red points, and the SAMMY best fit is
shown as a blue line. Calculation performed using JEFF-3.2 resonance parameters is shown as a green
line for comparison. The bottom panel of each figure shows the residuals of the fit.

resonances, three of them are in the low energy region, ER “ 145.66, 311.35, 488.89 eV,
where the statistics is very high. The fitting procedure is therefore quite accurate, and
its results in Figure 6.8 shows that C6D6 data are actually higher than what predicted
by JEFF-3.2. The same conclusion can be taken for the resonance at ER “ 1565.54 eV, a
stronger resonance which, however, is „ 27% higher that what predicted from JEFF-3.2
parameters.

In the bottom panel of Figure 6.7 resonance kernel ratios are plotted as a function of
gΓn{Γγ, where partial widths are taken from JEFF-3.2. A trend in this plot would be
sign of systematic effects attributable to the neutron sensitivity of the detection system.
No evidence of systematic effects are visible, as expected from the C6D6 detection set-up.

6.3.2 Comparison with TAC data

As described in Chapter 1, the measurement of 238U(n,γ) cross section at n_TOF with
C6D6 scintillators is part of a larger proposal, which includes also a measurement with
the n_TOF Total Absorption Calorimeter.

To verify that the two analysis could contribute to improve the present accuracy of
resonance parameters we followed the same procedure of the comparison with ENDF/B-
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Fig. 6.9: Left panel: C6D6 over TAC resonance kernels as a function of resonance energies. No systematic effect
are present. Right panel: Statistical distribution of resonance kernel ratios.

VII.1 and JEFF-3.2 libraries. We studied the ratio of C6D6 over TAC resonance kernels
as a function of resonance energy, and afterwards the statistical distribution of the ratios
themselves. The results are shown in Figure 6.9. The fitting procedure used to analyze
TAC data is not exactly the same used for C6D6, and therefore it is possible that differ-
ences in the absolute values are due to some consequent effects. Anyway, the kernel ratios
have a very sharp gaussian distribution with a very small standard deviation σ “ 0.05.
The distribution is centered in µ “ 1.01, showing that no systematic effect is present.

As described in the previous section, to check for systematic effects we plotted reso-
nance kernel ratios as a function of resonance kernels (Figure 6.10) and of gΓn{Γγ ratio
(Figure 6.11).

In Figure 6.10 the ratios show an average good agreement between the two data sets.
Some small tendencies cannot be excluded, however they can be due either to differences
in the fitting procedure or to residual systematic effect (as it seems to be in Figure 6.11).
Thus these ratios are not conclusive enough and further investigations are needed for the
final comparison between TAC and C6D6 data.

From this analysis we can conclude that both the measurement are extremely accu-
rate, and can be combined together so to solve statistics problems related to the C6D6

measurement for small resonances and neutron sensitivity issue of the TAC detector for
resonances with very large Γn. In this way they can contribute to the reduction of the
cross section uncertainty down to the required 2%.
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Fig. 6.10: C6D6 over TAC resonance kernels as a function of resonance kernels. For κ ă 2.3 meV C6D6 data
stay systematically above TAC ones, probably because thanks to the higher statistics data obtained
with the calorimeter can properly fit also very small resonances.

Fig. 6.11: C6D6 over TAC resonance kernels over the ratio gΓn{Γγ . For resonances with large Γn , it seems that
TAC data lays slightly below C6D6 ones.

6.4 Analysis of the URR

When the resonance widths become comparable to the level distance it is not possible
anymore to analyze the cross section through a RSA. In this region, referred to as Unre-
solved Resonance Region, the analysis procedure for the extraction of the capture cross
section from the measured yield is based on average parameters. In this work the analysis
of the URR starts from energies En “ 3 keV up to En “ 480 keV (the explanation of the
upper energy limit can be found in Section 5.4.3).



6.4 Analysis of the URR 139

Fig. 6.12: Correction factor for the sample-related effects, i.e. self-shielding and multiple scattering, obtained
from MCNP simulations. The red line points out the 3% level.

To extract the cross section the thin-sample approximation of Eq. 4.6 is used. At
high energies, in fact, the total cross section become quite low (σtot „ 1 barn) and, as
the areal density is n “ 9.56 ˆ 10´4 at/barn, the condition nσtot ! 1 is fulfilled. The
sample-related effects, such as the self-shielding and the multiple scattering, are taken
into account applying a correction factor obtained from Monte Carlo MCNP simulations.
The correction factor CF depends on the neutron energy and is shown in Figure 6.12 as
a function of incident neutron energy from 1 keV to 200 keV. As the resonance structure
becomes negligible, i.e. from En “ 3 keV, the correction factor is almost constant and
leads to a „ 3% increase of the measured values. Therefore, the capture cross section is
extracted from the measured yield as:

σγ “
Yc
n
ˆ CF. (6.4)

Within the following plots the uncertainty shown are only statistical, to which the
correlated ones must be added. In Table 6.3 the average capture cross section and to-
tal uncertainty derived from the data analyzed in this work are presented. Correlated
uncertainties are separated in all the different components listed in Table 6.1.

Table 6.3: Average capture cross section (σγ) and total uncertainty derived from the data analyzed in this work.
The counting statistic uncertainty is listed in column 5, while in columns from 6 to 9 the correlated
uncertainties summarized in Table 6.1 are listed. The correction factor of Figure 6.12 is given in
column 3.

Elow Ehigh σγ CF uσγ
umass uflux unorm ubkg

(keV) (keV) (mb) (mb) (mb) (mb) (mb) (mb)

3 4 1315 1.0063 16.53 0.3947 26.31 13.15 26.31
4 5 979.6 1.0154 17.41 0.2939 19.59 9.796 19.59
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Table 6.3: Average capture cross section (σγ) and total uncertainty derived from the data analyzed in this work.
The counting statistic uncertainty is listed in column 5, while in columns from 6 to 9 the correlated
uncertainties summarized in Table 6.1 are listed. The correction factor of Figure 6.12 is given in
column 3.

Elow Ehigh σγ CF uσγ
umass uflux unorm ubkg

(keV) (keV) (mb) (mb) (mb) (mb) (mb) (mb)

5 6 1006 1.0238 20.34 0.3020 20.13 10.06 20.13
6 7 947.8 1.0277 20.68 0.2843 18.95 9.478 18.95
7 8 917.8 1.0262 21.99 0.2753 18.35 9.178 18.35
8 9 753.0 1.0241 21.31 0.2259 15.06 7.530 15.06
9 10 757.5 1.0223 21.72 0.2273 15.15 7.575 15.15
10 11 697.3 1.0362 21.50 0.2092 31.37 6.973 13.94
11 12 662.3 1.0291 22.57 0.1987 29.80 6.623 13.24
12 13 657.7 1.0247 23.52 0.1973 29.59 6.577 13.15
13 14 738.1 1.0287 23.94 0.2214 33.21 7.381 14.76
14 15 639.4 1.0313 23.88 0.1918 28.77 6.394 12.78
15 16 629.2 1.0299 24.44 0.1888 28.31 6.292 12.58
16 17 624.5 1.0300 25.07 0.1874 28.10 6.245 12.49
17 18 637.2 1.0296 24.93 0.1912 28.67 6.372 12.74
18 19 574.5 1.0299 24.80 0.1724 25.85 5.745 11.49
19 20 600.8 1.0295 25.60 0.1802 27.03 6.008 12.01
20 21 566.6 1.0314 25.19 0.1700 25.49 5.666 11.33
21 22 510.2 1.0310 24.75 0.1531 22.96 5.102 10.20
22 23 496.6 1.0303 24.37 0.1490 22.34 4.966 9.932
23 24 460.9 1.0305 23.57 0.1383 20.74 4.609 9.218
24 25 464.9 1.0303 24.92 0.1395 20.92 4.649 9.298
25 28 486.3 1.0307 14.60 0.1459 21.88 4.863 9.726
28 31 467.8 1.0315 13.76 0.1404 21.05 4.678 9.356
31 34 466.3 1.0319 17.99 0.1399 20.98 4.663 9.326
34 37 470.7 1.0408 28.13 0.1412 21.18 4.707 9.415
37 40 401.6 1.0338 20.92 0.1205 18.07 4.016 8.033
40 43 412.5 1.0304 18.00 0.1238 18.56 4.125 8.250
43 46 387.2 1.0306 17.00 0.1162 17.42 3.872 7.744
46 49 349.6 1.0302 16.07 0.1049 15.73 3.496 6.992
49 52 337.2 1.0309 15.99 0.1012 15.17 3.372 6.744
52 55 299.9 1.0304 15.11 0.0900 13.49 2.999 5.998
55 58 288.0 1.0308 15.53 0.0864 12.96 2.880 5.760
58 61 272.2 1.0319 14.91 0.0817 12.25 2.722 5.445
61 64 269.0 1.0297 13.94 0.0807 12.10 2.690 5.381



6.4 Analysis of the URR 141

Table 6.3: Average capture cross section (σγ) and total uncertainty derived from the data analyzed in this work.
The counting statistic uncertainty is listed in column 5, while in columns from 6 to 9 the correlated
uncertainties summarized in Table 6.1 are listed. The correction factor of Figure 6.12 is given in
column 3.

Elow Ehigh σγ CF uσγ
umass uflux unorm ubkg

(keV) (keV) (mb) (mb) (mb) (mb) (mb) (mb)

64 67 242.0 1.0315 13.90 0.0726 10.89 2.420 4.840
67 70 240.6 1.0304 14.10 0.0722 10.82 2.406 4.812
70 73 226.8 1.0310 13.93 0.0681 10.20 2.268 4.537
73 76 204.7 1.0311 13.42 0.0614 9.215 2.047 4.095
76 79 214.8 1.0328 14.00 0.0645 9.668 2.148 4.296
79 82 239.2 1.0333 15.95 0.0718 10.76 2.392 4.784
82 85 225.3 1.0362 18.71 0.0676 10.14 2.253 4.507
85 88 220.1 1.0378 20.62 0.0660 9.906 2.201 4.403
88 91 221.2 1.0371 19.50 0.0664 9.958 2.213 4.425
91 94 220.4 1.0344 18.30 0.0661 9.918 2.204 4.408
94 97 214.9 1.0309 16.88 0.0645 9.671 2.149 4.298
97 100 212.8 1.0324 15.73 0.0639 9.579 2.128 4.257
100 105 230.7 1.0292 13.38 0.0692 4.615 2.307 11.53
105 110 230.1 1.0288 13.97 0.0690 4.603 2.301 11.50
110 115 211.3 1.0293 13.23 0.0634 4.226 2.113 10.56
115 120 207.0 1.0293 14.26 0.0621 4.141 2.070 10.35
120 125 194.4 1.0296 13.43 0.0583 3.888 1.944 9.720
125 130 180.7 1.0276 11.10 0.0542 3.615 1.807 9.037
130 135 187.8 1.0282 11.15 0.0563 3.756 1.878 9.390
135 140 218.4 1.0293 13.78 0.0655 4.368 2.184 10.92
140 145 196.3 1.0317 15.53 0.0589 3.927 1.964 9.819
145 150 191.1 1.0318 15.11 0.0573 3.822 1.911 9.556
150 155 191.2 1.0296 15.00 0.0574 3.824 1.912 9.562
155 160 197.8 1.0312 15.85 0.0594 3.958 1.979 9.895
160 165 187.8 1.0303 14.42 0.0563 3.756 1.878 9.390
165 170 178.8 1.0282 13.48 0.0537 3.577 1.788 8.942
170 175 164.8 1.0272 12.13 0.0494 3.296 1.648 8.241
175 180 160.9 1.0265 11.38 0.0483 3.218 1.609 8.045
180 185 158.1 1.0262 11.15 0.0475 3.163 1.581 7.908
185 190 147.8 1.0256 11.21 0.0444 2.957 1.478 7.392
190 195 153.0 1.0261 11.35 0.0459 3.061 1.530 7.654
195 200 160.3 1.0300 11.54 0.0481 3.207 1.603 8.018
200 205 149.3 1.0300 12.07 0.0448 2.986 1.493 7.467
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Table 6.3: Average capture cross section (σγ) and total uncertainty derived from the data analyzed in this work.
The counting statistic uncertainty is listed in column 5, while in columns from 6 to 9 the correlated
uncertainties summarized in Table 6.1 are listed. The correction factor of Figure 6.12 is given in
column 3.

Elow Ehigh σγ CF uσγ
umass uflux unorm ubkg

(keV) (keV) (mb) (mb) (mb) (mb) (mb) (mb)

205 210 142.9 1.0300 12.36 0.0429 2.858 1.429 7.147
210 215 142.2 1.0300 11.27 0.0427 2.845 1.422 7.113
215 220 142.0 1.0300 10.92 0.0426 2.841 1.420 7.103
220 225 140.8 1.0300 11.26 0.0423 2.817 1.408 7.043
225 230 140.5 1.0300 11.34 0.0422 2.811 1.405 7.029
230 235 139.2 1.0300 10.65 0.0418 2.784 1.392 6.962
235 240 138.8 1.0300 10.43 0.0417 2.776 1.388 6.941
240 245 148.2 1.0300 10.54 0.0445 2.964 1.482 7.410
245 250 153.7 1.0300 10.61 0.0461 3.074 1.537 7.686
250 255 145.2 1.0300 10.22 0.0436 2.904 1.452 7.261
255 260 132.2 1.0300 9.593 0.0397 2.644 1.322 6.610
260 265 133.8 1.0300 9.664 0.0401 2.676 1.338 6.690
265 270 159.7 1.0300 10.75 0.0479 3.194 1.597 7.985
270 275 159.7 1.0300 10.75 0.0479 3.194 1.597 7.985
275 280 150.0 1.0300 11.52 0.0450 3.002 1.501 7.504
280 285 144.0 1.0300 11.98 0.0432 2.881 1.440 7.203
285 290 143.8 1.0300 11.94 0.0432 2.877 1.438 7.192
290 295 140.4 1.0300 11.15 0.0421 2.808 1.404 7.020
295 300 140.4 1.0300 11.15 0.0421 2.808 1.404 7.020
300 305 136.1 1.0300 11.01 0.0409 2.723 1.361 6.809
305 310 129.5 1.0300 10.79 0.0389 2.590 1.295 6.477
310 315 129.5 1.0300 10.79 0.0389 2.590 1.295 6.477
315 320 127.0 1.0300 10.66 0.0381 2.541 1.270 6.354
320 325 125.4 1.0300 10.57 0.0376 2.508 1.254 6.270
325 330 125.4 1.0300 10.57 0.0376 2.508 1.254 6.270
330 335 120.0 1.0300 9.823 0.0360 2.400 1.200 6.001
335 340 117.4 1.0300 9.439 0.0352 2.349 1.174 5.872
340 345 117.4 1.0300 9.439 0.0352 2.349 1.174 5.872
345 350 126.3 1.0300 10.28 0.0379 2.526 1.263 6.316
350 355 131.7 1.0300 10.75 0.0395 2.634 1.317 6.586
355 360 131.7 1.0300 10.75 0.0395 2.634 1.317 6.586
360 365 120.7 1.0300 10.50 0.0362 2.415 1.207 6.039
365 370 106.2 1.0300 10.14 0.0319 2.125 1.062 5.313
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Table 6.3: Average capture cross section (σγ) and total uncertainty derived from the data analyzed in this work.
The counting statistic uncertainty is listed in column 5, while in columns from 6 to 9 the correlated
uncertainties summarized in Table 6.1 are listed. The correction factor of Figure 6.12 is given in
column 3.

Elow Ehigh σγ CF uσγ
umass uflux unorm ubkg

(keV) (keV) (mb) (mb) (mb) (mb) (mb) (mb)

370 375 106.2 1.0300 10.14 0.0319 2.125 1.062 5.313
375 380 107.0 1.0300 10.10 0.0321 2.141 1.070 5.354
380 385 114.9 1.0300 9.702 0.0345 2.299 1.149 5.749
385 390 114.9 1.0300 9.702 0.0345 2.299 1.149 5.749
390 395 114.9 1.0300 9.702 0.0345 2.299 1.149 5.749
395 400 123.5 1.0300 10.81 0.0371 2.470 1.235 6.177
400 405 129.1 1.0300 11.48 0.0387 2.582 1.291 6.455
405 410 129.1 1.0300 11.48 0.0387 2.582 1.291 6.455
410 415 129.1 1.0300 11.48 0.0387 2.582 1.291 6.455
415 420 128.1 1.0300 13.58 0.0384 2.562 1.281 6.405
420 425 128.0 1.0300 13.66 0.0384 2.561 1.280 6.403
425 430 128.0 1.0300 13.66 0.0384 2.561 1.280 6.403
430 435 122.4 1.0300 13.40 0.0367 2.448 1.224 6.121
435 440 90.16 1.0300 11.78 0.0270 1.803 0.901 4.508
440 445 90.16 1.0300 11.78 0.0270 1.803 0.901 4.508
445 450 90.16 1.0300 11.78 0.0270 1.803 0.901 4.508
450 455 88.65 1.0300 11.42 0.0266 1.773 0.886 4.432
455 460 81.04 1.0300 9.364 0.0243 1.621 0.810 4.052
460 465 81.04 1.0300 9.364 0.0243 1.621 0.810 4.052
465 470 81.04 1.0300 9.364 0.0243 1.621 0.810 4.052
470 475 81.09 1.0300 9.363 0.0243 1.621 0.811 4.054
475 480 103.91 1.0300 8.66 0.0312 2.078 1.039 5.195

The 238U capture cross section from this work is compared to evaluated libraries and
previous measurement (retrieved from the EXFOR database) in Figure 6.13. From the
figure it is possible to distinguish two different region:

3 ă En ă 80 keV. C6D6 data are in good agreement with measurement by Moxon, and
they stay slightly above the evaluated libraries.

80 ă En ă 480 keV. All the data-sets starts to deviate from the libraries being higher
than evaluated data, apart from Lindner [88] and, for En ą 200 keV, from Fricke [68].
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Fig. 6.13: Measured 238U(n,γ) cross section (black) compared to previous measurements by Lienenberger [67],
Poenitz [70], Fricke [68], Lindner [88], Panitkin [69], Moxon [85]. JEFF-3.2 and ENDF/B-VII.1 are
plotted as continuos lines for comparison.

C6D6 data suffers from the big Al resonances at En “ 34.83 keV, En “ 86.27 eV, En “

120.00 eV and En “ 158.73 eV, which produce a peak-behaviour in the cross section.
Data in the neighbourhood of these energies are therefore not reliable. Nevertheless, it
is clear that our data are systematically above other measurements apart from Moxon,
laying significantly above the evaluated libraries.

In Figure 6.14 a more detailed comparison of the first energy region is shown. From
left panel it is visible that our data are in very good agreement with the measurement by
Moxon [85], while they differ slightly from Fricke [68]. In the right panel the ratio of C6D6

over Moxon confirms the agreement between the data-sets, while the ratios with JEFF-
3.2 and ENDF/B.VII.1 clearly show that the measured cross section stays „ 5 ´ 15%

above the evaluated ones.
As outlined, in the higher energy region from 80 keV to 480 keV it is visible that

the data from this work stays above other measurements. Figure 6.15 shows a more
detailed comparison between C6D6 data with Moxon [85], Poenitz [70], Lindner [88],
Fricke [68] and Panitkin [69]. The incorrect determination of the cross section in the
neighbourhood of Al resonances clearly shows up with the presence of bumps between
100 and 200 keV. In Figure 6.16 the ratios between our data and Fricke and Poenitz
is plotted together with the ratios over evaluated libraries. The shadowed regions are
the untrustworthy ones because of the presence of Al resonances. Data from this work
are in quite good agreement with Poenitz, while they are more than 10% above Fricke.
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Fig. 6.14: Measured 238U(n,γ) cross section (black) in the energy range 3 ă En ă 80 keV. Left panel: n_TOF
data compared to Moxon [85] and Fricke [68]. Right panel: Ratios between this work and Moxon
(blue), JEFF-3.2 (red) and ENDF/B-VII.1 (black).

The figure shows also the ratio of C6D6 data over JEFF-3.2 and ENDF/B-VII.1, and it
results that evaluated cross sections are more than 20% lower with respect of measured
one.

As described in Chapter 1, this work is part of a larger proposal [2] which comprehends
three independent measurement of 238U(n,γ) cross section. The cross sections in the URR
measured at n_TOF with C6D6 and TAC, and at GELINA with C6D6 are shown in
Figure 6.17, where also the JEFF-3.2 evaluated cross section is plotted for comparison.
From the ratios between the three data sets, plotted in Figure 6.18, it is visible that the
two n_TOF data sets are in very good agreement between themselves (within ˘5%),
while GELINA results lays systematically below.

From this analysis we can conclude that this measurement confirms the very high
quality measurement by Moxon up to En “ 80 keV, and gives precise results for neutron
energies up to 480 keV. Moreover, the high precision data obtained at n_TOF with
C6D6 and TAC agrees within few percents. The comparison between this work and both
JEFF-3.2 and ENDF/B-VII.1 libraries suggests that the evaluations are underestimating
the capture cross section in the URR, and gives therefore strong indications that a deep
investigation is needed.

6.5 Summary

The 238U(n,γ) yield obtained following the procedure explained in Chapter 5 has been
analyzed to extract capture cross section.
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Fig. 6.15: Measured 238U(n,γ) cross section (black) in the energy range 80 ă En ą 480 keV: data from this
work compared to Moxon [85], Poenitz [70], Lindner [88], Fricke [68] and Panitkin [69].

Fig. 6.16: Measured 238U(n,γ) cross section (black) in the energy range 80 ă En ą 480 keV: ratios between
this work and Fricke (blue), Poenitz (green), JEFF-3.2 (red) and ENDF/B-VII.1 (black).



6.5 Summary 147

Fig. 6.17: Comparison between the three measurement parto of the proposal on 238U radiative capture mea-
surement [2] in the URR. Data from JEFF-3.2 library are plotted for comparison.

Fig. 6.18: Ratio of this work over TAC data (black) and data from GELINA (red).
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In this work the Resolved Resonance Region of 238U(n,γ) reaction has been located
for incident neutron energies below 3 keV, and the cross section has been given in terms
of resonance parameters. The parameters are obtained analyzing the data with the res-
onance shape analysis code SAMMY, which in its fitting procedure takes into account
experimental effects, namely self-shielding, multiple scattering, Doppler and experimen-
tal broadening. A careful comparison has been made between our data and evaluated
ones, which shows that very accurate data are provided.

The Unresolved Resonance Region has been analyzed in this work for incident neutron
energies 3 keV ă En ă 480 keV. Here the cross section is directly extracted from capture
yield, and it is compared with other measurements and evaluations. It has been shown
that our results are in good agreement with other measurements (in particular, with
Moxon [85] up to En “ 80 keV and with Poenitz [70] for 80 ă En ă 480 keV), but they
are systematically above the cross section presented in the JEFF-3.2 and ENDF/B-VII.1
evaluations.

The good quality of the cross section derived from the data analyzed in this work
has been tested through a comparison with the data obtained at n_TOF with the Total
Absorption Calorimeter. The two techniques are based on different measurement princi-
ples, and complements each other. Both in the resolved and unresolved resonance region
the two measurements agrees between themselves within ˘5%, confirming the accuracy
of the data provided and indicating that the two data-sets combined together could
contribute to approach the final goal of a 1% to 3% uncertainty in the cross section.



Conclusions

The assessment of global energy resources states that fossil fuels as coal, oil and gas,
enhanced by new extraction technologies, are plentiful and will last for decades. Never-
theless, the increasing problems in climate change, pollution and security imply a deep
and almost total transformation of the world’s energy system. Several scenarios have
been studied, depending on philosophical principles of economical rationalism or envi-
ronmentalism. Among them, the share of nuclear power, particularly in regional energy
mix, appears as a practicable, reliable and available option to reduce greenhouse-gas
emissions while improving energy security and adding stability to electricity costs.

Despite the tendency of OECD countries to phase-out nuclear, enhanced after the
Fukushima accident in Japan, a significant effort towards improved reactor technologies
is ongoing, with the development of new reactor concepts, intrinsically safe and with the
capacity to burn radioactive waste. These technologies are especially focused on reactor
operating with a fast neutron spectrum, because of their more efficient use of nuclear
fuel and their capacity to fission transuranic elements present in radioactive waste. Six
different reactor concepts, with both critical and supercritical technologies, are under
development in the context of the Generation-IV International Forum (GIF). Moreover,
different prototypes of a sub-critical device, consisting in a sub-critical reactor coupled
to an external source of neutrons given by a particle accelerator and a spallation target,
are being built in Europe (MYRRHA in Belgium and ESS in Sweden), Japan (KUCA)
and India.

Neutron-nucleus reactions play a major role in the design and calculations of critical
and subcritical nuclear systems, governing the behaviour of the reactor core. Capture
and fission cross-section data are fundamental for calculations of reactor parameters
as the multiplication factor, the power peak (i.e. the ratio between the maximum and
the average peak density), the reactivity coefficients (i.e. the deflection of reactors from
critical state), the nuclear density variation of isotopes due to transmutation and the
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decay heat. Experimental nuclear data are available through different databases (e.g.
EXFOR), and collected by several collaborating nuclear data agencies worldwide to form
the nuclear data libraries. Nevertheless, the development of new reactor concepts and fuel
cycles, and nuclear reactors applications for radioactive waste transmutation, have made
clear that existing nuclear data are not always of good quality and in some cases are still
lacking.

The role of the 238U(n,γ) reaction cross-section is of extreme importance for the calcu-
lations of fast and thermal reactor parameters, being 238U the main constituent of nuclear
fuel. Moreover, the safety of nuclear reactors depends on the 238U neutron capture cross-
section both during their operating life and in terms of nuclear-weapons proliferation,
because it determines the density of plutonium isotopes at the end of fuel cycles. The
importance of this cross section led to several experimental measurements, but inconsis-
tencies are still present, specifically in the high energy region, up to 15%. Moreover, the
ENDF/B-VII evaluation [114] made some small modifications to the standard capture
results that exceeded the uncertainties of the standards evaluation, and needs therefore to
be further investigated. In addition, the nuclear data uncertainty assessment performed
by WPEC Subgroup 26 for innovative reactor systems shows that the uncertainty in the
radiative capture cross-section of 238U should be further reduced to 1-3% in the energy
range from 20 eV to 25 keV.

For all these reasons, the Nuclear Energy Agency inserted the reduction on the
238U(n,γ) cross-section uncertainty as a primary nuclear data need. Because such an
accuracy level is difficult to be obtained from results of a single measurement, indepen-
dent experiments were scheduled at the GELINA (JRC-EU-IRMM laboratory, Belgium)
and n_TOF (CERN, Switzerland) facilities.

This work aimed at providing a very accurate and precise 238U radiative capture
cross-section starting from the data collected at n_TOF with C6D6 scintillators. To this
purpose, an extremely pure and well-characterized sample has been used in combination
with an optimized detection setup very transparent to sample-scattered neutrons. Thanks
to the well-suited detection system and the features of the facility, the capture cross-
section on 238U has been studied from 1 eV to 480 keV.

To fulfil the requirements of precision and accuracy, each step of the analysis procedure
from the raw data to the experimental yield has been followed with extreme attention.
Particular effort has been devoted to the subtraction of the background, since it has,
together with the uncertainty associated to the incident neutron flux, the strongest in-
fluence on the cross-section uncertainty. The level and the shape of the background have
been studied with two independent methods, whose results shows a 2% to 10% deviation.
Their difference is an estimation of the uncertainty in the level of background, and it is
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propagated to the final capture yield depending on the signal to background ratio (for
1 eV ă En ă 3 keV, S{B Á 10 in resonance peaks, while for higher energies S{B „ 2).
Another important source of uncertainty is the normalization of the experimental yield.
In this work, the saturated resonance technique has been applied, which permits to elim-
inate the error due to sample alignment and to correct for the effective absolute value
of the neutron flux. Moreover, we exploited three 238U(n,γ) saturated resonances, which
means that the yield is self-normalized with a consequent drastic reduction of the related
uncertainty.

Once obtained the 238U(n,γ) experimental yield, it has been analyzed to extract cap-
ture cross-section. In this work the Resolved Resonance Region (RRR) has been located
for incident neutron energies below 3 keV, and the cross section has been given in terms
of resonance parameters. The parameters are obtained analyzing the data with the reso-
nance shape analysis code SAMMY that takes into account experimental effects, namely
self-shielding, multiple scattering, Doppler and experimental broadening. A careful com-
parison has been made between our data and evaluated ones, which shows that very
accurate data are provided. Moreover, a comparison with the data obtained at n_TOF
with the Total Absorption Calorimeter points out that the two data-sets combined to-
gether could contribute to approach the final goal of a 2% uncertainty in the cross section.
The two techniques have in fact complementary characteristics that helps to eliminate
systematic uncertainties from both the measurements.

The Unresolved Resonance Region (URR) has been analyzed in this work for incident
neutron energies between 3 keV and 480 keV. Here the cross section is directly extracted
from capture yield applying a correction factor to take into account self-shielding and
multiple scattering effects. The results from this work are compared with other mea-
surements and evaluations. A good agreement has been shown between this work and
previous measurements, in particular with the ones by Moxon (up to En “ 80 keV) and
by Poenitz (for 80 ă En ă 480 keV). In addition, a preliminary comparison with the
data obtained at n_TOF with the Total Absorption Calorimeter is possible for incident
neutron energies up to 80 keV, showing that the two data sets are in very good agreement
(within ˘5%). On the contrary, the comparison with evaluations shows that the cross
section obtained from this work is systematically higher than the cross sections reported
in major libraries such as JEFF-3.2 and ENDF/B-VII.1.

The extreme accurate data reduction performed led to very high-quality data for the
radiative capture cross-section on 238U. The results obtained in this work show a general
agreement with nuclear data libraries, but nevertheless differences are present, in partic-
ular in the high-energy URR. Because of the great importance of a precise knowledge of
this cross-section, as previously outlined, with the requirement of an uncertainty between
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1% and 3% in the energy range from 20 eV to 25 keV, these results suggest that a deep
investigation to understand the reason of these discrepancies is needed. Furthermore,
when inserted in new evaluations, the good quality cross-section data from this work
will help to reach the requirements of precision and accuracy demanded by new nuclear
technologies.



Appendix A

Statistical properties of the
resonance parameters

The study of the statistical properties of the resonance parameters describing the cross
section in the RRR are of key importance to:

(i) test the consistency among reaction and total cross-section, taking into account all
the physical constraints they are linked by;

(ii) collect the information from isolated resonances for its use in the description of the
cross sections at higher neutron energies.

In the case of heavy nuclei with a large number of nuclear levels below the neutron sepa-
ration energy Sn, the quasi-stationary levels above Sn show the characteristic features of
the statistical model. In other words, the properties of the nuclear levels in the compound
nucleus excited by incident neutrons have typical characteristics resulting from the ran-
dom nature of matrix elements governing the nuclear transitions. The basic assumption
for the statistical model is that the compound nucleus states are so complex that the
values of the nuclear matrix elements have a Gaussian distribution with zero mean.

A.1 Resonance widths distribution

The resonance widths Γλ of each quasi-stationary level λ are defined (see Eq. 2.24) by
the penetrability factor Pα and the reduced width amplitudes γλα as

Γλc “

ν
ÿ

α“1

2Pαγ2λα (A.1)

where ν is the number of the possible decay modes c1 for a given entrance channel c, and
γλα is known to follow a Gaussian distribution.
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Assuming that Pα is nearly constant in the energy range under study and that xγλαy
is constant for each level λ decaying via the mode α, the distribution of widths Γλc is
given by a χ2 distribution with ν degrees of freedom [104]

Ppx, νqdx “
ν{2

Γpν{2q

´ ν

2
x
¯´ ν

2´1
e´

ν
2 x dx (A.2)

x “
γ2λc

xγ2λcy
“
Γλc

xΓλcy
(A.3)

with mean value 1 and variance 2{ν. In the case of one-channel neutron scattering reac-
tions the distribution for the normalized reduced neutron widths x for ` “ 0 resonances
(i.e. s-waves) is also called Porter-Thomas distribution

PPTpxqdx “
1

?
2πx

e´
x
2 dx. (A.4)

The radiative width Γλγ for heavy nuclei is instead expected to be the sum of several
partial widths Γλγi , where i indicates the nuclear levels below Sn. In the limit of infinite
partial widths the χ2 distribution turns into a Dirac delta function, which implies that
all radiation widths have a constant value

Γλγ “ Γµγ “
ÿ

i

Γλγi “ xΓγy. (A.5)

This constant behaviour of the radiative width for heavy nuclei can be also understood
from the fact the number of primary transition from a level λ or from a higher energy
level µ are practically the same.

The neutron induced fission can be considered as a few channels process. Hence its
width distribution should follow a χ2 with a few degrees of freedom. The value of ν is
fitted from experimental data and usually found between 2 and 3.

Practically it is more convenient, instead of matching these distributions with observed
data, to use a reverse cumulative distribution and compare the number of resonances with
a value of x “ Γλc{xΓλcy larger than a threshold value xth

Npxthq “ N0

ż 8

xth

Ppx, νq dx, (A.6)

where the value N0 gives the real number of resonances in the energy region considered.
At low thresholds resonances are generally missing and the data deviates from the ex-
pectation. At higher threshold values, the observed data should be in agreement with
the integrated distribution. This is illustrated in Figure A.1.
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Fig. A.1: An example of the integrated number of levels above a threshold value of the neutron width together
with the prediction of equation A.6. Figure from [100].

A.2 Level spacings

The distribution of observed resonances as a function of neutron energy is directly related
to the level density of the compound nucleus at the neutron separation energy. The level
density ρJ can be calculated from the number of observed resonances N J of a given spin
J in an energy interval ∆En as

ρJ “
N J

∆En
“

1

xDJy
(A.7)

where xDJy is the average level spacing for a given spin J. There are several theoretical
models aimed at the prediction of nuclear level densities as a function of the mass number
that usually include shell and pairing effects [174].

The spacing between consecutive resonances for the same total angular momentum
and parity should also exhibit a random behaviour that can be tested experimentally.
For a set of N consecutive resonances with energies Ei , the level spacing is defined as
Di “ Ei´Ei´1 and its probability distribution function should follow a distribution close
to the Wigner one

PWpxqdx “
π

2
x e´

π
4 x

2
(A.8)

x “
D
xDy

. (A.9)

The Wigner law, which corresponds to the limiting case for a chaotic system, was the
first mathematical prediction of the level spacing to provide excellent agreement with the
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experimental results. An interesting feature is that the distribution goes to zero for small
x, i.e. for small separations between levels, which is known as the repulsion effect and
reflects the fact that small spacings are less likely. The average value of the distribution
is xxy “ 1 and its variance σ2 “ p4{π ´ 1q. The relative uncertainty of the average level
spacing calculated from N resonances is

∆xDy
xDy

“

d

1

N

ˆ

4

π
´ 1

˙

. (A.10)

A.3 Strength functions

The neutron strength function S` is, together with the average level spacing xDy and
the radiative width xΓγy, one of the main ingredients of the optical model calculations
for high energy neutron cross sections. For a given angular momentum ` the strength
function is calculated as

S` “
xgJΓ

`
λny

xD`y
“

1

∆E

ÿ

J

ÿ

λ

gJΓ
`,J
λn , (A.11)

where Roman subscripts refer to reaction channel and Greek subscripts to compound-
nucleus levels. Here, ∆E is the energy range considered and Γ`,Jλn is the reduced neutron
width for a resonance with spin J and orbital momentum `. The uncertainty of the
strength function when it is calculated from a set of N resonances in the range ∆E is
given by

∆S`
S`

“

d

1

N

ˆ

4

π
` 1

˙

. (A.12)



Appendix B

Black Resonance Filters

In order to facilitate background studies in time of flight experiments, it is customary
to put in the neutron beam-line a filter station where different slots can hold a filter
consisting of materials with strong neutron resonances. These are called black resonances,
or background, filters.

At n_TOF, the filter station is installed at 140 m from the spallation target, just in
front of the first collimator. The filters are chosen thick enough to completely absorb
the neutron beam at the energies of the strong resonances. Therefore, all the counts
measured in the neighbourhood of the so-called black resonances can be attributed to
the background. In Table B.1 the filters used in the n_TOF Phase-2 are listed.

Table B.1: Energy and thickness of the black resonance filters used in n_TOF experiments.

Element Resonance Energy Thickness
(eV) (atoms/barn)

Ag 5.19 2.9ˆ 10´3

W 18.8 5.0ˆ 10´3

Mo 44.9 6.4ˆ 10´3

Co 132.0 2.3ˆ 10´3

Al 34.83 103 0.177
86.27 103

Black filters affect both the intensity and the shape of the neutron flux, as can be seen
in Figure B.1. When filters are in beam, in fact, a decrease in the counting rate is visible
not only at the black-resonance energies, and therefore combinations of different filters
have to be adopted depending on the energy region one is interested in. At n_TOF the
filter station can be operated remotely from the control room, allowing to change the
configuration during measurements campaign.
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In Figure B.2 an example of the attenuation of the neutron flux is shown for a mea-
surement with Ag, W, Co and Al background filters. The presence of aluminum filter
in-beam results in a loss of about 30% of incoming neutrons. Therefore it should be
placed in the beam only for particular measurements, which requires an extremely care-
ful determination of the background at high energy. This is the case, for example, of
C6D6 scintillator measurement for the Unresolved Resonance Region.

Fig. B.1: Typical neutron flux measurement with Ag, W, Co and Al black resonance filters at n_TOF. Six
strong suppression of counts can be seen at TOF corresponding to the energy of the big resonances in
Ag, W, Co and three resonances of Al.

Fig. B.2: Neutron flux attenuation due to Ag, W, Co and Al background filters in beam.
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