ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

DEPARTMENT OF PHYSICS AND ASTRONOMY "A. RIGHI”

SECOND CYCLE DEGREE

PHYSICS

First transmission measurement at n_ TOF:

determination of the "@Cu total cross section
over a wide energy range

Defended by
Alice Berardi

Supervisor
Prof. Cristian Massimi

Co-supervisors

Dr. Donato Maurizio Castelluccio
Dr. Alice Manna
Dr. Nicholas Pieretti

Graduation Session February 2026
Academic Year 2025/2026






Abstract

Accurate and precise nuclear data are essen [allfor the design, safety assessment, and
performance evalua [an of advanced nuclear energy technologies, par [cdlarly Genera-
[on 1V fission and fusion reactors. In this context, copper plays a key role in systems such
as the TAPIRO fast-spectrum research reactor, where sensi [vity studies have shown a
strong dependence on neutron-induced copper cross sec Lons. However, the available
experimental data for copper are scarce and significant inconsistencies exist among
evaluated nuclear data libraries.

To address these limita [ons, an experimental measurement campaign was proposed,
including measurements at the n_TOF facility at CERN to improve neutron-induced cop-
per cross sec [ans. While radia [va capture cross sec [an measurements for 63Cu and
®5Cu have already been performed, this thesis presents the measurement and analysis
of the total cross sec [on of "'Cu carried out in 2025 at n_TOF. It consisted of a transmis-
sion measurement, one of the first ever performed at the n_TOF facility. The experiment
was carried out in the EAR1 experimental area, using a natural copper sample and a Low
Mass Fission Chamber as a transmission detector.

A comprehensive data analysis is presented, involving op [miza [on studies aimed at
improving data quality, so as to extract accurate "Cu(n,tot) cross sec [on.

Thanks to the broad neutron energy spectrum available at the n_TOF facility, the ex-
tracted "Cu(n,tot) cross sec Lan covers a wide energy range, from meV extending up
to 30 MeV. The results are in agreement with the limited experimental data reported
in the literature and evaluated nuclear data libraries, especially in the resonance re-
gion, confirming the quality of the measurements and the robustness of the analysis
procedure.
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Introduc&on

The accurate and precise knowledge of nuclear data is essen(Eal for a wide range of
applicaCEons in nuclear physics and engineering. In parCEcular, nuclear reactors play a
central role in the context of the growing global demand for reliable and low-carbon
energy sources. Among reactor technologies, GeneraCEon IV ession reactors and nu-
clear fusion reactors represent the most advanced and innovaCEve concepts, as they
are designed to signiecantly improve safety, sustainability, and efciency in energy pro-
ducCon. Despite the intense research and development e€orts, with the involvement
of large internaCEonal collaboraCEons, these reactor technologies sCEll have very limited
operaCEonal experience, with only a few prototypes built worldwide. Unlike previous
reactor generaEons, which bene-t from decades of operaCEonal feedback, advanced re-
actor systems must rely predominantly on predicCEve modeling and simulaCEons, making
the availability of high quality nuclear data even more criCEcal.

The process that prepares nuclear data for their use in applicaCEons is a complex,
mulCE-step process that begins with experimental measurements and proceeds through
data evaluaCEon and validaCEon. Being the foundaCEon of the nuclear data pipeline, ex-
perimental data must be highly accurate, since even small systemaCEc biases can prop-
agate through the en(Ere pipeline and lead to signiscant consequences for the applica-
(Eons. For this reason, sensiCEvity and uncertainty analyses are performed to quanEfy
the impact of nuclear data uncertainEes on applicaCEon-relevant quanECEes, such as in-
tegral reactor parameters. Studies of this type were also conducted for TAPIRO, a low
power fast spectrum research reactor operated by ENEA in Casaccia, employed for nu-
clear data producon, validaCEon of calculaCEon codes for GeneraEon IV reactors, and
invesEgaEons of fast-neutron-induced damage. These studies have shown that TAPIRO
is parCEcularly sensiCEve to neutron-induced cross secons of copper, which is used in
the re,ector and in the control rods. A review of the current state of the art indicates
that experimental nuclear data for copper are scarce and that evaluated nuclear data
libraries show signiscant inconsistencies for the isotog&€€u and °Cu. These limi-
taCEons, together with the strong relevance of copper data for the TAPIRO reactor, mo-
(Evated the proposal of an experimental campaign aimed at reening neutron-induced
copper cross secEons. This campaign, jointly proposed by ENEA and INFN within the
Euratom-funded APRENDE project, was hamed RAMEN and it involves experimental
measurements of copper cross secEons at tiedt facility at CERN. Capture cross sec-
(Eons were measured in 2024 and their data analysis is currently in progress. In 2025,
total cross secEons were measured by means of a transmission experiment, consEtut-
ing one of the erst experiments of this kind performed at iOF.

This thesis presents the transmission experiment of natural copper carried out at
n_TOF, along with the data analysis which involved opEmizaCEon studies to extract ac-
1



curate total cross secEon from the data acquired during the campaign.

Chapter 1 illustrates the applicatEons of copper nuclear data and highlights the impor-
tance of accurate cross sec(Eon data. Chapter 2 provides an overview of Ti@Fn
facility, describing the Time-of-Flight (TOF) method and the characterisEcs that make
Nn_TOF one of the most important faciliEes worldwide for nuclear data producEon. In
Chapter 3, the transmission experiment of natural copper is presented. A descripEon
of the principles of transmission measurements is provided, followed by details on the
experimental setup and the measurement campaign. Finally, Chapter 4 describes the
data analysis procedure that led to the extracEon of the total cross secEon over the full
neutron energy range.



1 RELEVANCE OF COPPER NUCLEAR DATA

1 Relevance of Copper nuclear data

Nuclear reactor technologies stand out for their strong poten(Eal to support decarboniza-
(Eon while ensuring stable and large-scale energy producCon. In this context, the fourth
genera(Eon nuclear ession reactors, together with nuclear fusion reactors, represent the
most advanced and innovaEve technologies. An overview of these technologies is pre-
sented in SecEon 1.1.

The nuclear data used in the applicatEons is actually the result of a complex process, that
brings together internaEonal e€orts for the produc@on of high-quality datasets. The en-
(Ere nuclear data pipeline, starEng from experimental measurements, passing through
evaluaCEon and validaCEon, and <nally leading to the preparaCEon of data libraries for
pracEcal applicaCEons, is described in SecEon 1.2.

Secon 1.3 presents the TAPIRO ENEA-Casaccia research reactor, an important facility
for experimental acEviEes devoted to nuclear data producon, validaCEon of calculaCEon
codes for Generaon IV reactors, and studies of fast-neutron-induced damage, among
other applicatEons. This reactor is parCEcularly sensiCEve to copper nuclear data, espe-
cially neutron-induced cross secEons, as discussed in SecEon 1.3.1. For the safety and
reliability assessment of TAPIRO, as well as for other systems that exploit similar tech-
nologies, an accurate knowledge of nuclear copper data is therefore essen(Eal.

Finally, Sec(Eon 1.4 describes the state of the art of Cu(n,tot) cross sec(Eon, both interms
of experimental and evaluated data. The scarcity and inconsistency observed in the
available data moEvated the proposal of an experimental campaign aimed at resning
copper nuclear data, named RAMEN, which includes the experiment presented in this
thesis and is described in SecEon 1.5.

1.1 IV GeneraEon and Fusion Nuclear Reactors

In this secEon, a short overview of the main features of the next generatEon *ssion and
fusion reactors is presented.

IV GeneraEon nuclear sssion reactorsGeneraEon IV nuclear reactors represent an
evoluCEon with respect to previous nuclear power systems, aiming to address some of
the fundamental limitaCEons of current technologies. While earlier generaCEons of re-
actors were mainly focused on reliable electricity producEon and incremental safety
improvements, GeneraCon IV reactors introduce more innovaEve approaches to fuel
uCElizatEon, safety, and energy efciency. GeneraCEon IV does not correspond to a sin-
gle reactor type, but rather to a class of innova(Eve systems based on advanced design
concepts, materials, and fuel cycle strategies. An internaCEonal collaboratEon aimed at
coordinaCEng research and development of next-generatEon nuclear ession systems was
established in 2001: the Gen IV InternaConal Forum (GIF) [1].

3



1 RELEVANCE OF COPPER NUCLEAR DATA

GIF has established technology goals for Gen-1V systems in four broad areas: sus-
tainability, economics, safety and reliability, and proliferaCEon resistance and physical
protecEon [2]. These ambiCEous goals are shared by a large number of countries as
they aim at responding to the economic, environmental and social requirements of the
21st century. They establish a framework and idenEfy concrete targets for GIF R&D ef-
forts. In the area of sustainability, Gen IV systems are expected to provide long-term,
clean energy genera@on with e€ecEve fuel uCElizaE&on and minimized nuclear waste,
thereby reducing the burden of long-term stewardship and enhancing environmental
protecEon. From an economic standpoint, these systems aim to achieve life-cycle cost
compeEEveness with other energy sources while maintaining snancial risk levels com-
parable to other large energy projects. Furthermore, Genera@on IV nuclear energy sys-
tems operaCEons are expected to excel in safety and reliability. They will have a very low
likelihood and degree of core damage and eliminate the need for o€site emergency re-
sponse. Finally, proliferaCEon resistance and physical protecEon goals strive to make Gen
IV technologies una<racEve pathways for diversion or the%. of weapons-usable material
and to provide increased protec(Eon against acts of terrorism. These concrete targets
are intended to ensure that future nuclear energy systems not only bring technical ad-
vancements, but are also socially and poliCEcally acceptable, reinforcing internaCEonal
cooperaEon toward their eventual deployment.

The goals adopted by GIF provided the basis for idenEfying and selecEng six nuclear en-

ergy systems for further development. The selected technologies are: Sodium-cooled

Fast Reactor (SFR), Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), Molten

Salt Reactor (MSR), SupercriCEcal Water-cooled Reactor (SCWR) and Very High Temper-

ature Reactor (VHTR). An overview of the six selected technologies, along with their

plant schemes, is presented in Figure 1, while Table 1 reports their main characterisEcs.
These systems di€er in neutron spectrum, coolant type, outlet temperature, fuel cy-

System Neutron Coolant Outlet T Fuel cycle Size
spectrum (C) (MWe)

VHTR Thermal Helium 900{1000 Open 250-300

SFR Fast Sodium 500{550 Closed up to 1500

SCWR  Thermal/fast Water 510{625 Open/closed upto 1500

GFR Fast Helium 850 Closed 1200

LFR Fast Lead 480{570 Closed up to 1200

MSR Thermal /fast Fluoride salts  700{800 Closed 300-1000

Table 1: Main features of the six GeneraCEon |V reactor systems selected by the GIF [2].

cle approach, and power output, re,ec(Eng a diversity of design strategies aligned with
4



1 RELEVANCE OF COPPER NUCLEAR DATA

Figure 1: SchemaEc representaCEon of the six GeneraCEon IV reactor technologies se-
lected by the GeneraEon IV InternaCEonal Forum: Sodium-cooled Fast Reactor (SFR),
Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), Molten Salt Reactor
(MSR), SupercriCEcal Water-cooled Reactor (SCWR) and Very High Temperature Reac-
tor (VHTR) [3].



1 RELEVANCE OF COPPER NUCLEAR DATA

di€erent operaCEonal goals.

The VHTR is characterized by athermal neutron spectrum and helium coolant, achiev-
ing outlet temperatures up to about 1000C, sufcient to support high temperature
processes such as the producon of hydrogen by thermo-chemical processes. The GFR
also uses helium as coolant but operates with a fast neutron spectrum and a closed fuel
cycle, targeEng higher fuel efciency. The use of dense fuel such as carbide or nitride
provides good performance regarding plutonium breeding and minor acEnide burn-
ing. SFR and LFR uElize liquid metal coolants, sodium and lead respec(Evely, allowing
high power density with low coolant volume fracCEon. They operate in the fast neu-
tron spectrum with closed fuel cycles, allowing fuel breeding and acEnide burning. The
MSR employs ,uoride salt coolant and can operate in either thermal (with a thorium
fuel cycle) or fast spectrum (with a Uranium-Plutonium fuel cycle). Finally, the SCWR is
a high-temperature, high-pressure water-cooled reactor operatEng with a direct energy
conversion cycle and above the thermodynamic criEcal point of water. A wide variety
of designs are currently considered for this technology, with both thermal-neutron and
fast-neutron spectra being envisaged and suppor@Eng both open and closed fuel cycles.

This diversity illustrates the mulCEfaceted approaches within Genera@Eon IV to opCE-
mize reactor performance, safety, and fuel sustainability across di€erent technological
pathways.

Nuclear fusion reactors Nuclear fusion is widely pursued as a long-term soluCon for
low-carbon, large-scale energy produc(Eon, o€ering a fundamentally di€erent approach
compared to ession. Fusion reac(Eons, such as deuterium{triCEum fusion, have the po-
tenEal to generate substanCEal amounts of energy from fuels that are abundant and
widely available. Deuterium can be extracted from seawater in large quanECEes, and
triCEum can be bred in situ from lithium using fusion neutrons, reducing dependence on
limited fuel resources and enhancing energy sustainability over long Eme scales [4].
One of the key moEvaEons for fusion research is the prospect of a virtually in-
exhausEble fuel supply combined with low environmental impact. Fusion processes
do not produce greenhouse gases during operaEon and generate only modest levels
of long-lived radioacEve waste compared to ession, with most acEvaCEon arising from
structural materials exposed to high-energy neutrons rather than from the fusion re-
acon itself. Moreover, fusion reactors inherently avoid chain reacEons and the risk
of runaway accidents, as the plasma condiEons required for fusion are dif cult to sus-
tain without precise control. Fusion research also aligns with safety and proliferaCEon
resistance objecEves. Since fusion cores do not uElize ssile materials like Uranium-
235 or Plutonium, they present a lower risk in terms of nuclear weapons proliferaEon.
In the event of system failure, the plasma rapidly cools and ex(Enguishes, minimizing
the poten(Eal for radiological release. Advances in materials science, parEcularly low-
acEvaEon structural materials, are crucial to ensuring that acEvated components can

6



1 RELEVANCE OF COPPER NUCLEAR DATA

be managed safely over the reactor's life(Eme.

Two main technologies are currently under development for conening the plasma
to achieve fusion: MagneEc and InerEal Conenement [5].

Magne(Ec conenement uses strong magne(Ec +elds to conene hot plasma in toroidal
devices, achieving a long conenement Eme for low-density fuel. Tokamaks are the
most advanced concept of this type, with the InternaCEonal Thermonuclear Experimen-
tal Reactor (ITER) [6] under construcCEon in France as the ,agship project, involving
34 countries. As an alternaEve magneEc conenement concept, stellarators use com-
plex three-dimensional magne(Ec *eld geometries to conene plasma without relying
on large plasma currents.

The inerCEal conenement, on the other hand, creates plasma by compressing and heat-
ing Eny fuel pellets by high-power lasers. In this case, the plasma has a high density at
the expense of a shorter conenement Eme. An experimental facility that makes use of
this technology is the NaCEonal IgniCEon Facility (NIF) in the United States. Recent exper-
iments at NIF have demonstrated energy yields exceeding the input laser energy for the
fusion reacEon itself, marking important scienEsc milestones toward igniCEon and en-
ergy gain, although signiecant engineering challenges remain before this method can
be scaled to conEnuous power produc&on.

Despite the a<racEve features of fusion energy and the global e€orts that are un-
dergoing for its development, there are sCEIl major technical challenges that need to be
addressed. The extreme temperatures, parCEcle ,uxes, and neutron environments re-
quired for sustained fusion place stringent demands on conenement systems and reac-
tor components. Key challenges include managing intense heat loads on plasma-facing
materials, breeding and handling triCEum efciently, and ensuring long-term structural
integrity under neutron irradiaCEon.

Both GeneraEon IV ession and fusion reactors make signiscant use of copper be-
cause of its excellent thermal and electrical conducvity. An example of a fast research
reactor that extensively employs copper is TAPIRO, described in SecEon 1.3, whose con-
trol rods and re,ector are made of natural copper. In fusion reactors, copper is widely
used, parCEcularly in tokamaks heat sink components, such as the erst wall and divertor,
as well as magnets, diagnosEc systems, microwave waveguides and mirrors [7].
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1.2 The Nuclear data pipeline

Robust, high-quality nuclear data, in terms of precision and accuracy, underpin progress

in nuclear technology and related applicaCEons [8]. In pracEce, outdated, imprecise or
incomplete nuclear datasets can hinder progress, constrain achievable predicEve eval-
uaEons and, when safety margins are involved, compromise conedence in design and
licensing analyses. This need is especially acute for advanced nuclear systems such as
Gen IV and fusion reactors, for which there is scarce operaCEonal experience (see Sec-
(Eon 1.1). Unlike earlier reactor generaCEons, whose design and opEmizaEon benested
from decades of experimental experience and in-service performance data, the devel-
opment of advanced reactors depends more heavily on predicCEve modeling, making
the high accuracy and completeness of nuclear data a fundamental requirement.

The producon of increasingly resned nuclear datasets, improving both precision
and accuracy, relies on a structured mulCe-stage process, whose stages are Eghtly inter-
connected [9]. Transforming raw experimental measurements into applicaEon-ready
datasets requires several interdependent steps, 0%oen referred to collec(Evely as the nu-
clear data pipeline.

Experimental measurements The nuclear data pipeline is typically iniCEated by iden-
(Efying a speciec data need: gaps across the energy range of interest, inconsistencies
among the available datasets, excessive uncertainCEes (compared to the accuracy re-
quired for the intended applicaEon), or insuf cient precision. These issues are revealed
by applicaCEons and validatEon studies and are then translated into a jusEeed proposal
for new or improved measurements. IniCEaCEves such as the OECD-NEA High Priority
Request List (HPRL) [10] can help structure this step by documenEng what data are
needed, why they macer for applicaCEons, and how new measurements would reduce
key uncertainEes | thereby providing a basis for prioriCEsing experimental campaigns.

In pracEce, proposals are not necessarily channelled through the HPRL, but an HPRL
recommendaCEon (or the assessment of the relevant expert group) is 0%.en cited to
strengthen the moEvaEon and to demonstrate the broader, internaCEonally recognised
relevance of the requested measurements when seeking access to major laboratory
faciliEes. Once the need is de*ned and an experimental program duly jusCE+ed and mo-
(Evated, the pipeline proceeds with new di€erenEal measurements carried out at one of
the dedicated, qualieed faciliCEes operated worldwide by major research laboratories.

CompilaCEon Once a measurement campaign has been completed and the results
have been documented, a compilaEon stage ensures that the informaEon becomes
endable, traceable, standardised, and reusable by the wider community. In pracCEce,
compilaCEon proceeds through two complementary layers. First, the Nuclear Science
References (NSR) database provides a conEnuously updated bibliographic index of nuclear-
science literature|journal ar(Ecles, conference proceedings, laboratory reports, theses,

8



1 RELEVANCE OF COPPER NUCLEAR DATA

and related sourcesjclassieed and keyworded to support efcient retrieval and sub-
sequent evaluaEon acEviEes [11].

Building on the primary references catalogued in NSR, numerical experimental re-
sults for nuclear reacEons | including reported mean values, associated uncertain-
(Ees, and essen(Eal experimental metadata | are extracted by the internaCEonal nuclear
data centres and compiled into the Experimental Nuclear ReacEon Data Library (EX-
FOR) [12]. EXFOR is the principal global repository for experimental nuclear reacEon
data induced by incident neutrons, charged parEcles, and photons. It contains reacCEon
cross secEons and a broad set of related observables, such as resonance parameters
and integrals, *ssion yields, angular-distribuon and polarisatEon informaEon, spectra,
and other quanEEes relevant to nuclear data evaluaEon and applicalEons. By preserving
structured experimental descrip&ons and explicit links back to the original publicaCEons,
EXFOR provides the traceability and standardisaEon needed for long-term usability.

EvaluaCEon The next step of the nuclear data pipeline is evaluaCEon. In essence, nu-
clear data evaluaCEon seeks the maximum possible coherence between informaEon de-
rived from experiments and that provided by theory and modeling [13]. StarEng from
experimental datasets compiled in EXFOR, evaluators criCEcally assess the available mea-
surements, resolve or raEonalise inconsistencies, and use nuclear-reacEon and nuclear-
structure models - together with systemaCEcs and physical constraints - to provide a
complete and self-consistent descripEon of the required observables. This modeling
support is indispensable because only a fracEon of the quan(EEes needed in a general-
purpose library can be obtained directly from measurements; models and codes are
therefore used both to «ll gaps and to enforce overall consistency across reacEon chan-
nels and energy ranges. By integraEng experimental results with theoreEcal predic-
(Eons, evaluaCEon produces conEnuous evaluated ¢les that cover the full energy range
of interest for applicaCEons. These libraries result from a rigorous assessment process,
in which evaluators analyze, compare, and combine all available datasets, select (and,
where necessary re-normalise) the most reliable inputs, and establish a coherent set of
standardized reference data, which consEtute the evaluated nuclear data libraries [14].

In modern evaluatEon pracEce, this step increasingly includes not only best-es@Emate
values but also a structured quanCEecaEon of uncertainEes and, where available, co-
variance informaCEon to support uncertainty propaga@on in simulatEons. EvaluatEon ac-
(EviCEes are organised within the major naEonal and internaCEonal programmes, and co-
ordinated through frameworks such as the OECD-NEA Working Party on InternaCEonal
nuclear Data EvaluatEon Co-operaCEon (WPEC). Prominent evaluated nuclear data library
projects include the U.S. ENDF/B library (produced and recommended by CSEWG and
distributed via the NatEonal Nuclear Data Center), the European JEFF library (a collabo-
raCEon among NEA Data Bank parEcipaCEng countries), as well as JENDL (Japan), CENDL

9



1 RELEVANCE OF COPPER NUCLEAR DATA

(China), and ROSFOND/BROND (Russia).

These libraries typically provide evaluated reacEon cross secEons, energy and an-
gular distribuCEons of emiced parEcles, *ssion product yields, radioac(Eve decay data,
photo-atomic data, and thermal sca<ering law data, with a strong emphasis on neutron-
induced reacEons. To ensure interoperability with processing systems and applicaCEon
codes, the evaluated informaCEon is distributed in the internaCEonally adopted ENDF-6
format, maintained under CSEWG stewardship.

Processing Data stored in evaluated libraries are not yet directly usable by most nu-
clear applicaCEon codes. The processing phase converts evaluated, "physics-naEve" eval-
uaEons (typically distributed in ENDF format) into code-ready libraries tailored to spe-
cisc transporttools. In pracCEce, this conversion is performed with dedicated processing
tools - like NJOY, or FRENDY - whose mission is precisely to take the basic evaluate infor-
maCEon and generate the representaCEons required by a given applicatEon. Processing
(or preparaCEon) is more than a «le-format translaCEon: it applies a sequence of physics

- and numeric-driven transformaEons that depend on:

" how the evaluatEon was constructed, (e.g., resonance parametrisaEon and model
assump&ons),

A

the limitaEons and conven(Eons of intermediate formats used during processing,

" therequirements of downstream codes (conEnuous-energy Monte Carlo vs mulC-
group determinisCEc transport; depleEon/acEvadEon coupling; thermal scacering
treatment; temperature grids; self-shielding approaches).

Typical operaCEons include resonance reconstrucEon and linearisatEon, Doppler broad-
ening to applicaCEon temperatures, unresolved-resonance probability table generaCEon,
thermal scacering law treatment, and the generaon of either conEnuous-energy in-
terfaces (e.g., ACE) or mulEgroup, self-shielded libraries and standard interfaces.
Finally, preparatEon is (Eghtly linked to veriscaCEon and validatEon. Integral bench-
marks and code-to-experiment (C/E) comparisons are performed with "prepared” li-
braries, so discrepancies can originate not only from the underlying evaluatEon but also
from processing choices or implementaEon details. For this reason, modern validaCEon
work,ows explicitly include processed-library veriscaEon and controlled benchmarking
as integral steps in assessing nuclear data performance.

ValidatEon The validaCEon stage of the nuclear data pipeline is essen(Eal to demon-

strate that evaluated data - once processed in applicaCEon libraries - can reliably repro-

duce the physical behaviour of nuclear systems in simulaCEons. ValidaCEon relies on inte-

gral benchmark experiments, namely well-characterized reference coneguratEons per-

formed at dedicated faciliEes, for which integral responses (such as spectral indices,
10



1 RELEVANCE OF COPPER NUCLEAR DATA

reac(Evity e€ects, kineEc parameters, reacEon-rate kagEpsic.) are determined

together with defensible high precision measurements. The same integral observables

can be computed through simulaCEons of these benchmark coneguraCEons using the pro-
cessed evaluated data as input. A consistent comparison between calculated and mea-
sured benchmark results provide an objecEve basis for assessing the performance, re-
liability, and pracEcal adequacy of the nuclear data in condiEons representaEve of real
applicatEons. ComplemenEng these, SINBAD (Shielding Integral Benchmark Archive and
Database) preserves and standardises radiaCEon shielding and dosimetry benchmark
experiments relevant to reactor shielding, fusion neutronics, and accelerator shield-

ing. Two OECD-NEA programs, the InternaCEonal Reactor Physics Experiment EvaluatEon
Project (IRPhEP) and the InternaCEonal CriCEcality Safety Benchmark EvaluaCEon Project
(ICSBEP) [15], produce peer-reviewed handbooks containing evaluated integral bench-
mark data, which are extensively used for nuclear data benchmarking. This systemaCEc
availability of high-quality integral benchmarks is a cornerstone for con(Enuous improve-
ment for major evaluated nuclear data libraries (ENDF/B, JEFF, JENDL, CENDL, etc.) that
are used for nuclear analyses [16].

ApplicaCEons Finally, the validated nuclear data ¢les are deployed across a broad spec-
trum of applicaCEons, including reactor design and safety analysis, criEcality safety, nu-
clear astrophysics, radiaCEon shielding, dosimetry and medical physics.

The emergence of innovaCEve technologies, or the introducon of more stringent ac-
curacy requirements 0%oen exposes limitatEons in current datasets, triggering the need
for resned or addiCEonal nuclear data. In such instances, the nuclear data pipeline is
dynamically reac(Evated, iniEaEng a new cycle of experimental measurements, evalua-
(Eons, and validaEon acEviEes. Consequently, applicaEons do not merely represent the
endpoint of the nuclear data producon chain, but serve as a criCEcal feedback mecha-
nism that drives conEnuous evoluEon. By iden&fying gaps and se“ng new standards,
the applicaEon layer ensures the constant improvement of the quality, reliability, and
precision of the en(Ere nuclear data ecosystem.

The enEre nuclear data pipeline relies on the experimental nuclear data on which
it is built. Any bias, missing e€ect, or underesEmated uncertainty in the di€erenal
measurements can propagate downstream -through compilaCEon and evalua@Eon, into
processed applicaCEon libraries, and snally into validaCEon results - thereby a€ecEng the
credibility of the simulaCEons and the decisions based on them.

In fact, even for modern libraries, only a limited subset of required quanEEes can
be constrained directly by measurements; nevertheless, experimental data provide the
indispensable anchor that guides evaluators and constrains model-based compleEons.

A pracCEcal consequence is that seemingly modest deeciencies at the di€erenEal-
data level can translate into non-negligible e€ects on integral reactor parameters. For

11



1 RELEVANCE OF COPPER NUCLEAR DATA

example, a small systemaCEc bias in a key reacEon cross sec(Eon may induce a mea-
surable deviaCEon in calculateg; of in other integral responses used in criCEcality and
reactor physics, with direct implicaCEons for safety margins and operaCEonal assessment.

This is precisely why modern Sensi(Evity and Uncertainty (S/U) analyses explicitly
guanEfy how nuclear data uncertain(Ees and biases map into uncertainEes (and poten-
(Eal biases) dnys and related integral metrics.

When experimental informaCEon is scarce, incomplete, or limited in precision and
trueness, evaluaEons must rely more heavily on theore@Ecal models and systemaEcs to
*ll gaps and enforce cross-channel and energy-range consistency. While this is unavoid-
able for comprehensive libraries, it introduces addiEonal - and 0%.en hard-to-verify -
sources of uncertainEes, parCEcularly in extrapolatEons beyond the measured domain.
High-quality (in terms of precision and accuracy) measurements therefore play a dual
role: they constraint where data exist and they calibrate and validate the models used
to infer quanE(Ees where measurements are not feasible, thereby reducing extrapola-
(Eon error and improving overall predicCEve performance. For these reasons, accurate
and precise experimental data are essenEal not only to underpin evaluated libraries,
but also to ensure the robustness of the enEre simulaCEon enterprise that depends on
them. This logic is re,ected operaCEonally in internaCEonal prioriEsatEon mechanisms -
such as the OECD-NEA High Priority Request List (HPRL) - which formalise where new
measurements are most impacSul for reducing uncertainEes in applicaCEon-relevant in-
tegral parameters.

12



1 RELEVANCE OF COPPER NUCLEAR DATA

1.3 The TAPIRO reactor

TAPIROTratura Plla Rapida Potenza z€)[17] is a low-power, fast spectrum research
reactor operated by ENEA at the Casaccia Research Center near Rome (Figure 2). Com-
missioned in the early 1970s, it is primarily used as a fast-neutron source to support
experimental programs on fast-reactor technology and related applicaEons. The fa-
cility enables a wide range of acCEviEes, including validaCEon of calculatEon tools and
evaluated nuclear data, neutron propagaon in di€erent materials, irradiaCEon tests for
studying fast-neutron damage in materials and electronic components. It also serves
animportant educaCEonal role, by providing training opportuniCEes for university courses
and operators.

The reactor features a cylindrical core with a diameter of about 12 cm and a compa-

Figure 2: Reactor room of ENEA's research facility TAPIRO in Casaccia.

rable height. The fuel is a uranium{molybdenum alloy, with uranium highly enriched
in 2%U. The core is made of two parts: the upper one is *xed, while the lower one is
movable. CriEcality is reached when the movable part of the core joins the sxed one.
Outside the core, a cylindrical natural-copper re,ector is arranged in two layers (both
about 70 cm in height): the inner layer has a diameter of 38.4 cm and the outer layer a
diameter of 80 cm. The re,ector improves neutron economy by returning part of the
leakage neutrons back to the core. As an addiEonal safety measure, the reactor is sur-
rounded by a spherical biological shield made of borated concrete, about 1.75 m thick.
As a fast-neutron source, TAPIRO is operated without a moderator. The cooling circuit
was implemented using forced circulaEon of helium gas, which cools down the reactor
without modera(Eng the neutrons.
Several experimental irradiaEon channels are available, including two radial channels
and one diametral channel on the mid-plane, complemented by a tangenCEal channel
[18]. The internal structure of the TAPIRO reactor is shown in Figure 3. Reacvity con-
13
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Figure 3: Internal structure of the TAPIRO reactor, with the experimental channels num-
bered: 1-diametral channel, 2 -tangenal channel, 3 - radial channel 1, 4 - radial channel
2, 5 - detector channels, 6 - parafn, 7 - thermal column.

trol is achieved through copper control elements: two safety rods, two calibraCEon rods
and one regulaCEon rod, all made of copper. Since these rods are made of a re,ec(Eng
material, their e€ect is opposite to that of conven@onal absorber rods: inser(Eng them
increases the overall re,ecEon towards the core, thus increa&ig, whereas with-
drawing them increases leakage, thus reduckyg .

The reactor is designed to operate up to 5 kWth, corresponding to a maximum neutron
,uxof 4 102 neutrons cm 2 s !atthe core centre.

The reactor provides a fast ession spectrum, peaked at 820 keV and with an average
value around 1 MeV. In Figure 4, the neutron energy spectrum at the centre of the
TAPIRO reactor is shown.

1.3.1 Relevance of copper data for TAPIRO

Copper is a key material in TAPIRO, as it cons(Etutes both the re,ector and the control el-
ements. To quanEfy the impact of copper nuclear data on reactor criCEcality, sensiCEvity
studies were performed with MCNP using the ENDF/B-VIII.0 nuclear data library [20].

In parCEcular, the sensiCEvity of the e€ecEve mulEplicaCEok.fact@s evaluated as

a func@®on of*Cu and®*Cu neutron-induced total cross secEons (Figure 5). SensiEv-
ity values di€er signiecantly from zero in a region between 10 keV and 10 MeV, with a
peak at approximately 1 MeV. This matches exactly the energy spectrum of the TAPIRO
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Figure 4: Neutron energy spectrum at the centre of the core of the TAPIRO reactor,
peaked at 820 keV, es@Emated with MCNPX code [19].

(a) SensiCEvity féfCu (b) SensiEvity f6PCu

Figure 5: Normalized sensi(Evity proelekgt for (n,tot) cross sec(Eons of copper iso-
topes®3Cu (a) and>Cu (b) [20].
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reactor, shown in Figure 4, indicaEng that fast neutrons have the greatest in,uence on
reactor criCEcality. Comparing the absolute values, it is possible to noCEce that the sen-
siEvity is higher fé#Cu, re,ecEng the isotopic composiEon of natural copper (69.15%
of 83Cu and 30.85% dPCu). A sensiEvity ranking was performed on several structural
elements of the TAPIRO, and the results showed that, along AthJ, copper cross
secEons are amongst the most important contributorskgn . These results highlight

the importance of accurate cross sec(Eon data of copper for the safety and control of
the TAPIRO reactor, as well as for other systems which exploit the same technology, for
research or energy producEon purposes.
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1.4 State of the art of Cu(n,tot) cross sec(Eons

This secEon provides an overview of the state of the art of Cu(n,tot) cross sec(Eons, both
in terms of experimental and evaluated data, highlighEng the need for new, resned
measurements.

Experimental data Total cross sec(Eons of copper isotopes, along with their resonance
parameters, were measured in 1976 at Oak Ridge Electron Linear Accelerator (ORELA)
[21]. The accelerator operates at a nominal energy of about 150 MeV, with electron
bursts of width 5 ns and a repeECon rate of 1000 pulses/s. Neutrons are produced
with a peak intensity of 610'® neutrons/s in a small water-cooled laminated Ta target.

The evaporaCEon neutrons, with an average energy of 1 MeV, are moderated by a water
moderator around the target. Shieldings, slters and collimators are employed to colli-
mate and clean the neutron beam. The moderated neutrons travel down a ,ight path
with detector staCEons located at 80 and 200 m from the target. The characterisEcs
of the accelerator (pulse width, repeEon rate, etc.), are chosen to opEmize measure-
ments in the neutron energy region from 3 to 500 keV. The copper measurements were
performed at a ,ight distance of 78.2 m. The two samples $Cu and®>Cu, mounted

in separate holders, were automaEcally cycled in and out of the beam. Neutron detec-
(Eon was carried out using a proton-recoil plasEc scinEllator coupled to a phototube for
energies above 10 keV, and a Li-glass scinCEllator for lower energies. These data cover
an energy range that spans from 50 eV to 150 keV.

Transmission experiments for (n,tot) copper cross sec(Eon measurements were per-
formed in 2013 at the neutron Eme-of-,ight facility GELINA of the Joint Research Centre
in Geel [22]. GELINA is a mulCE-user TOF facility, providing a white neutron spectrum
from 10 meV to 20 MeV, with measurement staCEons located between 10 m and 400 m
from the neutron producCon target. The electron linear accelerator delivers a pulsed
electron beam with a maximum energy of 150 MeV and a repeEEon rate ranging from
50 Hz to 800 Hz. Neutrons are produced by photonuclear reacEons in a mercury-cooled
uranium target and moderated by two water-¢lled beryllium containers. By applying
di€erent neutron beam collima@on condiEons, experiments can use either a fast or a
thermalized neutron spectrum. The transmission measurements were performed with
a"Cu sample and metallic samples enriche&i@u and®>Cu at the 50 m measurement
staCEon with the accelerator operaCEng at 800 Hz. The neutron beam passing through
the sample was detected by a Li-glass scinEllator connected to a PMT. These measure-
ments provided cross sec(Eon data between 50 eV and 130 keV.

Copper cross secEons were also measured at the Los Alamos NaCEonal Laboratory
in 1993 [23]. At the Weapons Neutron Research facility of the Los Alamos NaCEonal Lab-
oratory, neutrons are produced by spallaCEon of the 800 MeV proton beam incident
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Figure 6:%°Cu(n,tot) cross secEons of several evaluated libraries, showing signiscant
discrepancies [24].

on a thick, heavily shielded tungsten target. The resulEng neutron spectrum is conEn-
uous and extends up to 600 MeV. A system of mulCEple collimators desnes a narrow,
well-controlled neutron beam and a long shuc<er collimator sxes the beam size at the
sample posiCEon. Total cross secEons were measured in a classic transmission exper-
iment using a"®Cu sample. The transmi<ed neutrons were detected by means of a
plasCEc scinEllator detector coupled to two photomulEplier tubes.

Evaluated data Evaluated data of neutron-induced copper cross secEons reported
by some of the major nuclear libraries, namely ENDF/B-VIII.0, JEFF-3.3, JENDL-5.0 and
TENDL-2021, were compared [24]. These libraries showed signiecant discrepancies for
both 83Cu and®Cu data. Figure 6 presents a plot of the total cross sec@Eon for the
isotope ®°Cu, from which it is possible to appreciate the discrepancies between data
corresponding to the di€erent libraries.

These studies showed that in the energy region within 50 and 100 keV, the consid-
ered libraries di€er in the number of resonances that they report, while in the unre-
solved resonance region, their cross secEon values show discrepancies up to 30% [25].

As already described in SecEon 1.2, the accuracy of evaluated data is essen(Eal for
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the applicaCEons, with even small biases potenEally causing signiecant errors in the es-
Emates of the integral parameters of a nuclear reactor. This is parEcularly true for the
TAPIRO reactor, which shows a signiecant sensiCEvity to copper cross sec(Eons, as ex-
plained in SecEon 1.3.1.

1.5 The RAMEN experimental campaign

The inconsistencies found in the neutron-induced copper cross secEons provided by
major evaluated libraries, together with the limited experimental constraints available

for several key reacEon channels moEvated the proposal of an experimental campaign
aimed at reening copper nuclear data [26]. Given the neutronic relevance of copper

for the TAPIRO reactor, the Italian NaCEonal Agency for New Technologies, Energy and
Sustainable Economic Development (ENEA), in collaboraCon with INFN, launched an
experimental campaign named RAMEN within the Euratom-funded APRENDE project
[27]. The RAMEN campaign is intented to improve copper evaluaCEons by performing
new experimental measurements at the CERN@F facility [25], described in Chapter

2.

Since - as discussed in SecEon 1.3 - TAPIRO is a fast-spectrum reactor and therefore
parCEcularly sensiEve to neutron energies in the kev-MeV region, the measurements
were designed to strengthen the experimental basis precisely in the energy range most
relevant to fast-spectrum applicaCEons.

Capture cross secEons were measured in 2024 for Bttu and®®Cu, with data re-
ducCon currently in progress, while the measurement, by means of a transmission
experiment, and analysis of total cross secEon¥'afu is presented in this thesis. A
further objecEve of the campaign is to extend the experimental program to addiEonal
channels, in parCEcular elasEc and inelasEc scacering, to provide a more comprehen-
sive reenement of copper reacEon data. However, measuring these reacEai%d n

is parEcularly challenging and requires dedicated feasibility studies (including detector-
development and background-rejecEon assessments). Preparatory tests, also involving
complementary measurements, are currently underway to verify the measurements
concept and to ulEmately consolidate the experimental strategy.
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2 The nTOF facility

A wide range of research disciplines and applicaCEons rely on nuclear data. In parEcu-
lar, neutron-induced reacEon cross secEons are essenEal for the safety and criEcality
assessment of nuclear reactors, both the present-generatEon and the more innova(Eve
technologies, as GeneraCEon IV and fusion reactors, presented in SecEon 1.1.

Although nuclear theories and simulatons can provide es@Emates of cross secEons, ex-
perimental measurements are mandatory to reach the accuracy and reliability required

by the aforemenEoned applicatEons. For this reason, several faciliCEes enCErely devoted
to the measurements of reacEons induced by neutrons have been built around the
world. Most of them exploit the Time-of-Flight technique (explained in detail in SecEon

2.2) to determine the energy dependence of neutron-induced cross secEons. These fa-
ciliEes use di€erent methods for neutron producEon and have ,ight path lengths rang-

ing between less than one meter to 400m. Among these ar8 @F at CERN in Switzer-

land, GELINA at JRC-IRMM in Belgium, RPl and LANSCE in the USA and ANNRI at J-PARK
in Japan [28].

The nTOF facility, with its wide energy spectrum, high energy resoluEon and high in-
stantaeous ,ux, represents one of the most ac(Eve faciliEes in the «eld. A erst overview

is provided in the following SecEon (2.1).

2.1 Overview of the facility

The neutron Time-of-Flight facility [29], MOF, became operaEonal at CERN in 2001,
based on an idea by C. Rubbia. To cover the wide range of applicaCEond,@i rthe
neutron energies span from few meV to several GeV. Thanks to this wide neutron en-
ergy range, along with a high instantaneous ,ux, theTOF facility has been one of the

most acEve faciliE&es since the beginning of its operaEons.

The neutron beam is generated by protons, coming from the CERN Proton Synchrotron,
that impinge on a lead target, inducing spallatEon reacEons (more details are provided
in SecEon 2.3). A scheme of the CERN accelerator complex is presented in Figure 7.
The Proton Synchrotron (PS) receives protons from the BOOSTER, accelerates them to
20 GeVi/c, and delivers them to OF, to the East Area, and to the Super Proton Syn-
chrotron (SPS), to be further accelerated for injecEon in the LHC. Since 2025, the pro-
tons that are directly sent to aTOF from the PS are grouped in bunchessd 102
protons, calleddedicated Beams of lower intensity, on average5 102 protons per
bunch, are also sent the facility. To dis@Enguish the two, they are referred to as high and
low intensity dedicated bunches. Some of the protons that reach the East Area are sent
to the n_TOF facility. These are callparasiCEbunches and have an average intensity

of 5 10 protons per bunch. The average repeEEon rate between bunches is 0.25 Hz,
and for each bunch, the protons are concentrated in a Eme interval of 7 ns (rms).
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Figure 7: The CERN accelerator complex [30].

The posiCEon and proele of the proton pulses sent to the facility are provided by a SEM-
Grid placed in front of the lead spallaCEon target. Furthermore, the intensity is moni-
tored before impact on the target by a detector called PKUP. It is a Wall Current Moni-
tor and provides a signal proporCEonal to the proton beam current. It is used to directly
monitor the intensity, the e€ecEve delivery of protons by the PS and for Eming pur-
poses.

Neutrons produced by spallaCEon are then moderated, to further enlarge the neutron
energy spectrum, and driven to the experimental areas. Two vacuum tubes, equipped
with collimators and sweeping magnets, ensure the selecEon of neutrons among other
parCEcles produced during spallaCEon, and carry the neutron beam to the erst two exper-
imental areas. EARL1 is placed at 182.5 m from the spallaCEon target, along the horizontal
beam line, while EAR2 is posiEoned 18.2 m above it. In the recent years, a third experi-
mental area, NEAR, was built at just 3 m from the target.

From the measurement of the arrival Eme of the neutrons at the experimental areas,
their energy can be deduced, according to the Eme-of-,ight technique, described in
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secon 2.2. Further details about the spallaEon target and the experimental areas can
be found respecEvely in secEons 2.3 and 2.4. Sec(Eon 2.5 presents an overview on neu-
tron ,ux detectors at n_TOF, which are crucial for transmission measurements.

2.2 The Eme of ,ight method

The Time-of-Flight method exploits the fact that the ,ight path of the neutrons (L) is
exed. Itis then possible to extract the Eme a neutron has traveled as the di€erence
between a start signal, corresponding to the Eme of its producEon, and a stop signal,
corresponding to the moment of its interacEon with the detecEon system. More details
about how the TOF is measured will be given in the next SecCon (2.3). By knowing L
and TOF, the velocity of the neutron, and therefore its kineEc energy, can be computed.
The velocity is desned as follows:

L

V= ToF @)
and it is used to compute the Lorentz factor:
S
1
= —— 2
1 v2=¢ @
which enters into the expression of the kineEc energy:
p__
En=E mc&®= p+m2c¢ mc?=mc*( 1) (3)
In the non-relaCEvisCEc regime, the classical formula can be used:
1
En = Emv2 (4)
It is possible to evaluate also the energy resoluon, as follows:
S 2 2
En Vv TOF L
= +1)— = +1 + —
En ( ) \Y ( ) TOF L ©)

The energy resoluCEon is an important quanCEty because, in the broad energy spectrum
produced at nTOF, the cross secEon exhibits many resonances. These structures, which
are not predictable beforehand and must be evaluated experimentally for each isotope,
are very close together, with the distance between consecuEve resonances decreasing
with neutron energy. Therefore, to accurately resolve these structures, itis essen(Eal to
conduct experiments with suf cient energy resoluCon.

The energy resoluEon improves for longer ,ight paths (large L and TOF). Therefore, the
choice of the experimental area, which determines the ,ight path length, has an impact

on the best resoluEon achievable.
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2.3 Neutron beam producCon

The neutron beam at the nTOF facility is produced through spallaEon reacCEons in-
duced by protons impinging on a lead target. As previously explained in Sec(Eon 2.1, the
proton pulses have intensi@®es®% 10'? and3:5 102 respecEvely for high and low in-
tensity dedicated bunches, arsl 10 for parasi@Ec bunches. The maximum repe@E@Eon
rate of the delivered proton pulses is 0.8 Hz while the Eme width of each pulse is 7 ns
(rms), allowing for excellent energy resoluEon of the produced neutron beam, even for
the GeV neutron energy region [31]. On average, 300 neutrons are produced through
spallatEon reacEons per incident proton.

2.3.1 SpallaCEon reacEon

SpallaCEon is an inelas@&c nuclear reacEon that occurs when a high-energy parCEcle hits
a target nucleus, causing the emission of many neutrons. This reacEon is a sequen-
(Eal process: the incident parEcle is absorbed by the target nucleus, which erst reaches
an excited state and then undergoes an intranuclear cascade. Then, an internuclear
cascade happens, where high-energy parEcles, including neutrons, are expelled and
absorbed by other nuclei. Finally, the various target nuclei undergo “"evaporatEon", a
process that consists of their de-excitaCEon, followed by the emission of several lower-
energy neutrons and various types of nucleons, photons, and neutrinos.
During the spallaCEon process, many high-energy photons are emi<ed, most of which
come from the decay of pions produced in the cascade. These photons, together with
other ultrarelaCEvisEc parEcles, consEtute the fast component of the so-cadled
There is also a slow component, due to neutrons undergoing radiaCEve capture reac-
Eons in the lead and moderaCEon layers.
The -,ashisseen by detectors in the experimental areas before any other signal, and it
obscures data acquisiCEon for its enEre duratEon, which can reach hundreds of nanosec-
onds. Despite this dead-Eme e€ect, theash provides a useful method for Eme cal-
ibraCEon. By correcEng its Emdpt L/c, which is the Eme taken for the photons to
reach the detector, it is possible to know the Eme when spallatEon reacEons occurred.
This corresponds to the instant of neutron producon, which is the starEng Eme of the
TOF signal. The stop Eme is the instant when the signals are detected, so the TOF can
be computed as

TOF = tstop  Ustart = tsigna T + L=c (6)

2.3.2 SpallaCEon target

The nTOF facility employs a third-generaCEon spallatEon target [32], developed on the
basis of the operatEonal experience obtained from the erst two designs. The erst-generaCon
target operated from 2000 to 2004 and the second from 2008 to the end of 2018. Even
though the second target included many upgrades compared with the rst one, both
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were cooled by water in direct contact with pure lead, which caused corrosion and
contaminaEon problems. Moreover, both targets were not opEmized for verEcal beam
producCon, since the second experimental area, EAR2, was built only in 2014.

The third-generaCEon target [33] was installed during the Long Shutdown 2 and started
operaEons in 2021. Its assembly is shown, in exploded view, in egure 8. The core is
housed inside a stainless steel vessel and is made of six lead slices, which are cooled by
gaseous nitrogen and supported by precisely machined anCEcreep plates. The lead slices
are 5 cm thick, with the excepon of the slice close to the EAR1 moderator, which is 15
cm thick. The anCEcreep plates are made from aluminum alloy and include the channels
through which the cooling ,uid ,ows. The cooling gas is distributed through two main
arteries inside a cradle made from aluminum alloy, which supports the lead core from
below. Connected to the vessel, two moderator containers, made from aluminum alloy
and connected to independent water circuits, are posiEoned on the path of the neu-
trons directed to the two experimental areas.

The new target has several advantages in terms of radioprotec(Eon. The nitrogen cool-
ing system eliminates the corrosion issues caused by direct contact between water and
lead in earlier designs. Previously, spallaCEon products, inclucang emi<ers, could
migrate into the cooling water, creatEng radiological risks. By using a nitrogen-based
cooling circuit, the release of lead spallaCEon products is greatly reduced, enhancing ra-
diological safety during maintenance.

Along with the target, the target shielding was also upgraded, with a thicker and mobile
version that reduces air acCEvaEon in the target area and allowed the installaCEon of the
NEAR staCEon close to the spallaCEon target.

24



2 THENTOF FACILITY

Figure 8: 3D model of the third-generaCEon lead spallaCEon target currently employed at
the n_TOF facility [33].

2.4 Experimental areas

The nTOF facility features three experimental areas, with di€erent ,ight paths and
therefore di€erent neutron ,ux and energy resoluEon. The experimental area is cho-
sen according to the needs of each experimental campaign. EAR1 and EAR2 are mostly
used for cross secEon measurements exploiEng the TOF technique, while NEAR is best
suited for acCEvaEon measurements and radiaEon-damage studies. Figure 9 shows an
overview of the three experimental areas, along with their disEncEve features, which
will be be<er explained in the next sec(Eons.

241 EAR1

The EAR1 experimental area was the erst one built, in 2001, when thEO# facility
began operaCEons. It is placed at a horizontal distance of 182.3 m from the spallaCEon
target and is 7.9 m long [34]. The beamline is Elted mlith respect to the incom-

ing primary proton beam, in order to reduce the background of charged par(Ecles and
photons that consitute the -,ash. A sketch of the evacuated beamline is presented

in egure 10. A sweeping magnet, 2 m long, de,ects the in-beam charged parCEcles and
two collimators shape the neutron beam. The second collimator can be changed to
accommodate the needs of di€erent types of experiments: a collimator with a diam-
eter of 18 mm is used typically for measurements of the radiaEve capture channel of
neutron-induced reacEons, while a collimator with a 80 mm diameter is used for mea-
surements of the sssion channel. Inside the experimental area, several detectors can
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Figure 9: Overview of the three experimental areas at theT@F facility. Key charac-
terisCEcs of the proton beam before impinging on the spallaCEon target are reported,
together with the neutron ,ux produced by spallatEon. For each experimental area, the
corresponding ,ight path, best energy resoluEon, and neutron ,ux are indicated.

be mounted. They are chosen according to the reacEons under study. Typically, liquid
(GDs) and solid (Bajj detectors are used to measure the rays following radiaCEve
capture reacEons, while gas (MicroMegas) and solid-state detectors (silicon, diamond)
are used for (n,charged-parEcle) reacEons. Fission experiments are usually performed
with gas detectors (MicroMegas, PPAC).

The neutron ,ux in EARL1 is of the order & neutrons/bunch, the lowest among
the three areas, due to the longer ,ight path. The energy resoluCEon, on the other
hand, is the best one, with a value of E=E 10 4 at 1 eV. For this reason, EAR1
is best suited for high-resoluEon measurements, parCEcularly in the resonance region.

Figure 10: Layout of the MOF-EAR1 neutron beamline, from the spallaEon target to
the beam dump [34]. IndicaCEons of the distances are given in meters.
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Figure 11: TOF-EARZ2 beamline, with the main elements labeled and distances relatEve
to the spallaEon target indicated [35].

Since neutrons in this area can be detected up to kineEc energies of few GeV, EARL1 is
also used to extend measurements of neutron-induced reacEon cross sec@Eons to high
neutron energies.

2.4.2 EAR2

The second experimental area, EAR2, was constructed in 2014. Itis located on a verEcal
Jight path, at a distance of 20 m from the spallaCEon target. A sketch of the beamline

is presented in egure 11. Analogously to EAR1, permanent magnets and collimators are
used to shape the neutron beam. The experimental area begins at a distance of 18.16
m from the spallaCEon target and the beam dump is at 24.73 m. Since the upgrade
of the spallaCEon target in 2021, the quality of the neutron beam at EAR2 has improved
signiscantly, interms of ,ux, energy resolu®on, and beam proele. Now, the neutron ,ux

at EAR2 is aboutQ’ neutrons/bunch, while the energy resolu@on can readb=E

10 3 at 1 eV. These features make EAR2 suitable for measurements of neutron-induced
reacEons on very thin samples, radioac(Eve isotopes with short half-life and reacEons
with low cross secons [36].
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Figure 12: Top image: scheme of the NEAR statEon locatEBOR{B7]. Bo<om image:
di€erent views of the NEAR area. The acEvaEon area (a-NEAR) is outlined by the green
volume, while the irradiaCEon area (i-NEAR) corresponds to the pink volume.

2.4.3 NEAR

The upgrade of the spallaCEon target during the Long Shutdown 2 allowed the instal-
laCEon of a third experimental hall close to the target, called NEAR. The area became
operaCEonal in July 2021 and a scheme of its locaCEoT @Fnand of its structure is
presented in egure 12. The mobile target shielding separates the NEAR IrradiaCEon area
(i-NEAR), which includes the target and where a staCEon is installed mainly focused on
the irradiaCEon of materials and electronics. Outside the shielding there is the NEAR
AcEvaEon area (a-NEAR), which includes a neutron collimator and the main posiCEon
devoted to cross secEon measurements by the acEva@Eon technique [37]. The neutron
beam reaches the a-NEAR through a hole in the shielding wall and is opEmized thanks
to a collimaCEon system. Due to the close proximity with the target, an extremely high
neutron ,ux, as well as a signiecant ,ux of rays and charged parEcles, reaches the
NEAR staCEon. The high ,ux makes this experimental area suitable for measurements
on very small samples and extremely short-lived radioac(Eve isotopes, but also allows to
acquire data on radiaCEon damage in a neutron-dominated environment. The extreme
radiaCEon condiEons, however, present some technical challenges in terms of experi-
mental detecCEon. The TOF technique is less e€ecEve due to the short distance from
the target and the high radiatEons complicate the use of standard detectors and elec-
tronics. To face these challenges, some o,ine techniques have been developed. An
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example is MulCE-foil AcCEvaCEon Measurements, where small or radioacEve samples are
irradiated at the NEAR staCEon and then analysed o,ine with a High Purity Germanium
detector (HPGe).

Furthermore, with the use of lters, i.e. BC, it is possible to shape the neutron spec-

trum and make its energy distribuCEon as close as possible to a Maxwellian distribuEon.
This technique would simulate the neutron ,ux distribuEon present in the stars and
would allow for integral measurements relevant for astrophysics, especially when the
cross secEon is too low or the material available is of the order of mg.

Thanks to all these features, in addiCEon to the fact that it can operate in parallel with
EAR1 and EAR2, the NEAR statEon contributes to the expansion of the experimental ca-
pabiliCEes of the TOF facility.

2.5 Flux detectors

Detectors capable of measuring the neutron ,ux are fundamental for carrying out trans-
mission measurements. AtiOF, several types of ,ux detectors are employed [38], and
the choice of which one to use depends on the speciec goals and requirements of each
experiment.
The neutron ,ux is measured by exploi®Eng some neutron-converEng reacEons, namely
6Li(n, ),%°B(n, ) and?*>U(n,f). These reacEons are characterized by very high accuracy
cross secEons in some energy regions, where they are considered standards. By select-
ing and analysing the products of these reac(Eons, the neutron ,ux can be measured in
each case.
One of the detectors used at TOF is SiMon (Silicon Monitor device) [36], a solid state
detec@Eon system equipped wittfhi converter. The detector consists of a Mylar foil,
with a deposit of°LiF, centered in the beam and surrounded by an array of four silicon
detectors outside the beam in the forward direcEon. By recording the tritons and alpha
parEcles emi<ed ifiLi(n, ) reacEons, this system is able to monitor the neutron ,ux,
and is parCEcularly suitable for capture cross secCEon measurements.
Another neutron ,ux detector employed at nTOF is MGAS (Micromegas gas detector),
which exploitst®B and?*°U as converters. These elements are deposited on cathodes
and mounted inside an aluminum chamber, with Kapton windows, «lled with a gas cir-
culaEng at atmospheric pressure. This detector, characterized by low noise, high radia-
(Eon resistance and low mass, has been used 8Ok for measuring the total neutron
,ux and the spaCEal beam proele, as well as for neutron-induced sssion cross secEon
measurements.
A third detecEon system is a set of Parallel Plate Avalanche Counters (PPAC) [39]. The
PPAC are equipped with?°U deposit on aluminum backing. Each consists of a central
anode, ,anked by two posiEon-sensi(Eve cathodes, and is ¢lled with a low-pressure gas.
The PPACs are insensiEve-tadiaCEon and have a very fast response. They have been
used to measure the AMTOF neutron ,ux and beam proele with high accuracy.
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Finally, to measure the neutron ,ux, a Low Mass Fission Chamber (LMFC) from the
Physikalisch-Technische Bundesanstalt research insCEtute can be used [40]. Itis an ion-
izaCon chamber equipped with $&RU deposits on aluminum electrodes. This system

is very well characterized in terms of detec(Eon efciency and uniformity of the sssile
deposit and is perfectly suited for the measurement of both absolute neutron ,ux and

its energy dependence in the energy range between 0.15 and 200 MeV, wite&n, f)

cross secEon is considered a standard. It has also been extensively used for cross sec-
(Eon measurements. This detector was employed for the experiment that is presented
in this thesis and is described in greater detail in secCEon 3.3.

Overall, these detectors provide high-resoluEon measurements of the neutron ,ux,
which are essen(Eal for transmission experiments, aimed at measuring total cross sec-
Eons, as explained in the following secon (3.1).
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3 Thetransmission experiment di'Cu
at n_TOF

At the n_TOF facility, several types of experiments are performed. Among these are
capture measurements, which aim to extract (n,cross secEons by measuring the
cascade generated by radiaCEve capture reac(Eons, *ssion measurements, dedicated to
the study of neutron-induced sssion reacEons, and charged parEcles reacEon studies.
Only recently, transmission measurements with the goal of determining total cross sec-
Eons have been introduced affOF, with the erst tests performed in 2023. TH&'Cu
experiment presented in this thesis represents one of the erst transmission campaigns
atn_TOF.

The principles of transmission measurements are discussed in SecEon 3.1. SecEon
3.2 describes the experimental setup used during ff€u measurement, while SecEon
3.3 provides a detailed descripEon of the detector employed. Finally, an overview of
the measurement campaign and addiCEonal relevant details are provided in Sec(Eon 3.4.

3.1 Principles of transmission measurements for total cross secEon
determinaEon

Transmission experiments are performed with the goal of extracCEng neutron-induced
total cross secEons. These measurements are based on the comparison of the neutron
,ux incident on a sample with the ,ux transmi<ed through it.
Figure 13 shows a sketch of a transmission experiment, with the neutron beam imping-
ing on a sample.
Deening asJj, the incident neutron ,ux, the ,ux transmi<ed through the sample is
given by

Jout = Jine " (7)

where n is the areal density of the sample, measured in atoms/barn, ang is the

total reacEon cross secon, in barn.

The transmission factor - also referred to as transmission - quanEfying the fracEon of
parEcles passing through the sample without interacEng, is desned as

T - Jout = e n tot (8)
Jin

By deeniEon, T only takes values between 0 and 1, with T=0 corresponding to the com-
plete absorpEon of the incident neutrons and T=1 indicaCEng that all neutrons passed
through the sample without interacEng. The total cross secEon can then be extracted
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Figure 13: Sketch of a transmission experiment [44]add J; are the incident and
outgoing neutron ,ux, respecEvely. Atthe centre, a representaEon of the sample made
of the material under study is shown.

by inver@Eng the former relaCEon, obtaining

InT
ot = T (9)

n
The incident neutron ,ux can be experimentally determined by performing measure-
ments without the sample in the beam. The transmission factor is thus computed as
the raCEo between the number of counts measured with the sample in the beam and
the number of counts measured without the sample. Any systema(Ecs linked with the
experimental setup should cancel out when compuEng T, since, assuming a stability
over (Eme, the setup is the same for the two coneguraCEons, with the only di€erence
being the presence of the sample.

The neutron ,ux is measured by means of ,ux detectors, described in SecEon 2.5,
which are characterized by a detec(Eon efciency that determines their capability of
detecEng the interac&ons over the whole incident neutron kineEc energy range. The
guan(Ety that they actually measure is thus the neutron ,ux (either incident or trans-
miced) mulCEplied by the detecEon efciency ( ). If the efciency of the detector
remains constant throughout the en(Ere experimental campaign, hence it is the same
for measurements performed with and without the sample, it should cancel out when
compuEng the transmission ratEo. To ensure the reliability of transmission measure-
ments, it is therefore crucial to monitor the stability of the detectors over Eme.

3.2 Experimental setup

The n+ "®Cu experiment was performed with the goal of measuring total cross secEons,
therefore it consisted of a transmission measurement, as explained in the previous sec-
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(Eon (3.1). Itwas carried out in EAR1, the experimental area providing the highest energy
resoluEon among the three available aT@F, as decribed in Sec(Eon 2.4.1.
A copper sample was placed on the transmission line, just downstream of the capture
collimator, as shown in Figure 14. It consisted of a disk made of natural copper, com-
posed of 69.15% &fCu and of 30.85% &PCu, with a thickness of 6 mm and a diameter
of 3 cm. At this posiCEon, the neutron beam has a width of 1.8 cm, ensuring that it is
fully intercepted by the sample.

Measurements were performed both with the copper sample in the beam ("Sample-

Figure 14: Trasmission staCEon of EAR1. The capture collimator is visible in the le%o side
of the egure, while the sample holder is located on the right.

in") and without it ("Sample-out"), as shown in Figure 15. The two coneguratEons were
alternated on a weekly basis, for a total of four weeks.

33






	Abstract
	Introduction
	Relevance of Copper nuclear data
	IV Generation and Fusion Nuclear Reactors
	The Nuclear data pipeline
	The TAPIRO reactor
	Relevance of copper data for TAPIRO

	State of the art of Cu(n,tot) cross sections
	The RAMEN experimental campaign

	The n_TOF facility
	Overview of the facility
	The time of flight method
	Neutron beam production
	Spallation reaction
	Spallation target

	Experimental areas
	EAR1
	EAR2
	NEAR

	Flux detectors

	The transmission experiment of natCu at n_TOF
	Principles of transmission measurements for total cross section determination
	Experimental setup
	Low mass fission chamber
	Measurement campaign

	Data Analysis
	Pulse Shape Analysis optimization
	Amplitude Analysis
	Preliminary analysis of amplitude spectra
	Detector Stability Analysis
	Efficiency analysis
	-induced background study

	Time-of-Flight analysis
	-flash calibration
	TOF and transmission histograms
	Data compatibility assessment
	Time-of-Flight to energy calibration

	Cross section

	Conclusions
	Acknowledgement
	References

