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Abstract
Accurate and precise nuclear data are essential for the design, safety assessment, andperformance evaluation of advanced nuclear energy technologies, particularly Genera-tion IV fission and fusion reactors. In this context, copper plays a key role in systems suchas the TAPIRO fast-spectrum research reactor, where sensitivity studies have shown astrong dependence on neutron-induced copper cross sections. However, the availableexperimental data for copper are scarce and significant inconsistencies exist amongevaluated nuclear data libraries.To address these limitations, an experimental measurement campaign was proposed,including measurements at the n TOF facility at CERN to improve neutron-induced cop-per cross sections. While radiative capture cross section measurements for 63Cu and
65Cu have already been performed, this thesis presents the measurement and analysisof the total cross section of natCu 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 experimentwas carried out in the EAR1 experimental area, using a natural copper sample and a LowMass Fission Chamber as a transmission detector.A comprehensive data analysis is presented, involving optimization studies aimed atimproving data quality, so as to extract accurate natCu(n,tot) cross section.Thanks to the broad neutron energy spectrum available at the n TOF facility, the ex-tracted natCu(n,tot) cross section covers a wide energy range, from meV extending upto 30 MeV. The results are in agreement with the limited experimental data reportedin the literature and evaluated nuclear data libraries, especially in the resonance re-gion, confirming the quality of the measurements and the robustness of the analysisprocedure.
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Introduction
The accurate and precise knowledge of nuclear data is essential for a wide range ofapplications in nuclear physics and engineering. In particular, nuclear reactors play acentral role in the context of the growing global demand for reliable and low-carbonenergy sources. Among reactor technologies, Generation IV fission reactors and nu-clear fusion reactors represent the most advanced and innovative concepts, as theyare designed to significantly improve safety, sustainability, and efficiency in energy pro-duction. Despite the intense research and development efforts, with the involvementof large international collaborations, these reactor technologies still have very limitedoperational experience, with only a few prototypes built worldwide. Unlike previousreactor generations, which benefit from decades of operational feedback, advanced re-actor systems must rely predominantly on predictive modeling and simulations, makingthe availability of high quality nuclear data even more critical.The process that prepares nuclear data for their use in applications is a complex,multi-step process that begins with experimental measurements and proceeds throughdata evaluation and validation. Being the foundation of the nuclear data pipeline, ex-perimental data must be highly accurate, since even small systematic biases can prop-agate through the entire pipeline and lead to significant consequences for the applica-tions. For this reason, sensitivity and uncertainty analyses are performed to quantifythe impact of nuclear data uncertainties on application-relevant quantities, such as in-tegral reactor parameters. Studies of this type were also conducted for TAPIRO, a lowpower fast spectrum research reactor operated by ENEA in Casaccia, employed for nu-clear data production, validation of calculation codes for Generation IV reactors, andinvestigations of fast-neutron-induced damage. These studies have shown that TAPIROis particularly sensitive to neutron-induced cross sections of copper, which is used inthe reflector and in the control rods. A review of the current state of the art indicatesthat experimental nuclear data for copper are scarce and that evaluated nuclear datalibraries show significant inconsistencies for the isotopes 63Cu and 65Cu. These limi-tations, together with the strong relevance of copper data for the TAPIRO reactor, mo-tivated the proposal of an experimental campaign aimed at refining neutron-inducedcopper cross sections. This campaign, jointly proposed by ENEA and INFN within theEuratom-funded APRENDE project, was named RAMEN and it involves experimentalmeasurements of copper cross sections at the n TOF facility at CERN. Capture cross sec-tions were measured in 2024 and their data analysis is currently in progress. In 2025,total cross sections were measured by means of a transmission experiment, constitut-ing one of the first experiments of this kind performed at n TOF.

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



curate total cross section from the data acquired during the campaign.Chapter 1 illustrates the applications of copper nuclear data and highlights the impor-tance of accurate cross section data. Chapter 2 provides an overview of the n TOFfacility, describing the Time-of-Flight (TOF) method and the characteristics that maken TOF one of the most important facilities worldwide for nuclear data production. InChapter 3, the transmission experiment of natural copper is presented. A descriptionof the principles of transmission measurements is provided, followed by details on theexperimental setup and the measurement campaign. Finally, Chapter 4 describes thedata analysis procedure that led to the extraction of the total cross section over the fullneutron energy range.
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1 RELEVANCE OF COPPER NUCLEAR DATA

1 Relevance of Copper nuclear data
Nuclear reactor technologies stand out for their strong potential to support decarboniza-tion while ensuring stable and large-scale energy production. In this context, the fourthgeneration nuclear fission reactors, together with nuclear fusion reactors, represent themost advanced and innovative technologies. An overview of these technologies is pre-sented in Section 1.1.The nuclear data used in the applications is actually the result of a complex process, thatbrings together international efforts for the production of high-quality datasets. The en-tire nuclear data pipeline, starting from experimental measurements, passing throughevaluation and validation, and finally leading to the preparation of data libraries forpractical applications, is described in Section 1.2.Section 1.3 presents the TAPIRO ENEA-Casaccia research reactor, an important facilityfor experimental activities devoted to nuclear data production, validation of calculationcodes for Generation IV reactors, and studies of fast-neutron-induced damage, amongother applications. This reactor is particularly sensitive to copper nuclear data, espe-cially neutron-induced cross sections, as discussed in Section 1.3.1. For the safety andreliability assessment of TAPIRO, as well as for other systems that exploit similar tech-nologies, an accurate knowledge of nuclear copper data is therefore essential.Finally, Section 1.4 describes the state of the art of Cu(n,tot) cross section, both in termsof experimental and evaluated data. The scarcity and inconsistency observed in theavailable data motivated the proposal of an experimental campaign aimed at refiningcopper nuclear data, named RAMEN, which includes the experiment presented in thisthesis and is described in Section 1.5.
1.1 IV Generation and Fusion Nuclear Reactors
In this section, a short overview of the main features of the next generation fission andfusion reactors is presented.
IV Generation nuclear fission reactors Generation IV nuclear reactors represent anevolution with respect to previous nuclear power systems, aiming to address some ofthe fundamental limitations of current technologies. While earlier generations of re-actors were mainly focused on reliable electricity production and incremental safetyimprovements, Generation IV reactors introduce more innovative approaches to fuelutilization, safety, and energy efficiency. Generation IV does not correspond to a sin-gle reactor type, but rather to a class of innovative systems based on advanced designconcepts, materials, and fuel cycle strategies. An international collaboration aimed atcoordinating research and development of next-generation nuclear fission systems wasestablished in 2001: the Gen IV International Forum (GIF) [1].
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1 RELEVANCE OF COPPER NUCLEAR DATA

GIF has established technology goals for Gen-IV systems in four broad areas: sus-tainability, economics, safety and reliability, and proliferation resistance and physicalprotection [2]. These ambitious goals are shared by a large number of countries asthey aim at responding to the economic, environmental and social requirements of the21st century. They establish a framework and identify concrete targets for GIF R&D ef-forts. In the area of sustainability, Gen IV systems are expected to provide long-term,clean energy generation with effective fuel utilization and minimized nuclear waste,thereby reducing the burden of long-term stewardship and enhancing environmentalprotection. From an economic standpoint, these systems aim to achieve life-cycle costcompetitiveness with other energy sources while maintaining financial risk levels com-parable to other large energy projects. Furthermore, Generation IV nuclear energy sys-tems operations are expected to excel in safety and reliability. They will have a very lowlikelihood and degree of core damage and eliminate the need for offsite emergency re-sponse. Finally, proliferation resistance and physical protection goals strive to make GenIV technologies unattractive pathways for diversion or theft of weapons-usable materialand to provide increased protection against acts of terrorism. These concrete targetsare intended to ensure that future nuclear energy systems not only bring technical ad-vancements, but are also socially and politically acceptable, reinforcing internationalcooperation toward their eventual deployment.The goals adopted by GIF provided the basis for identifying and selecting six nuclear en-ergy systems for further development. The selected technologies are: Sodium-cooledFast Reactor (SFR), Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), MoltenSalt Reactor (MSR), Supercritical Water-cooled Reactor (SCWR) and Very High Temper-ature Reactor (VHTR). An overview of the six selected technologies, along with theirplant schemes, is presented in Figure 1, while Table 1 reports their main characteristics.These systems differ 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 up to 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 Generation IV reactor systems selected by the GIF [2].
cle approach, and power output, reflecting a diversity of design strategies aligned with

4



1 RELEVANCE OF COPPER NUCLEAR DATA

Figure 1: Schematic representation of the six Generation IV reactor technologies se-lected by the Generation IV International Forum: Sodium-cooled Fast Reactor (SFR),Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), Molten Salt Reactor(MSR), Supercritical Water-cooled Reactor (SCWR) and Very High Temperature Reac-tor (VHTR) [3].
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1 RELEVANCE OF COPPER NUCLEAR DATA

different operational goals.The VHTR is characterized by a thermal neutron spectrum and helium coolant, achiev-ing outlet temperatures up to about 1000° C, sufficient to support high temperatureprocesses such as the production of hydrogen by thermo-chemical processes. The GFRalso uses helium as coolant but operates with a fast neutron spectrum and a closed fuelcycle, targeting higher fuel efficiency. The use of dense fuel such as carbide or nitrideprovides good performance regarding plutonium breeding and minor actinide burn-ing. SFR and LFR utilize liquid metal coolants, sodium and lead respectively, allowinghigh power density with low coolant volume fraction. They operate in the fast neu-tron spectrum with closed fuel cycles, allowing fuel breeding and actinide burning. TheMSR employs fluoride salt coolant and can operate in either thermal (with a thoriumfuel cycle) or fast spectrum (with a Uranium-Plutonium fuel cycle). Finally, the SCWR isa high-temperature, high-pressure water-cooled reactor operating with a direct energyconversion cycle and above the thermodynamic critical point of water. A wide varietyof designs are currently considered for this technology, with both thermal-neutron andfast-neutron spectra being envisaged and supporting both open and closed fuel cycles.This diversity illustrates the multifaceted approaches within Generation IV to opti-mize reactor performance, safety, and fuel sustainability across different technologicalpathways.
Nuclear fusion reactors Nuclear fusion is widely pursued as a long-term solution forlow-carbon, large-scale energy production, offering a fundamentally different approachcompared to fission. Fusion reactions, such as deuterium–tritium fusion, have the po-tential to generate substantial amounts of energy from fuels that are abundant andwidely available. Deuterium can be extracted from seawater in large quantities, andtritium can be bred in situ from lithium using fusion neutrons, reducing dependence onlimited fuel resources and enhancing energy sustainability over long time scales [4].One of the key motivations for fusion research is the prospect of a virtually in-exhaustible fuel supply combined with low environmental impact. Fusion processesdo not produce greenhouse gases during operation and generate only modest levelsof long-lived radioactive waste compared to fission, with most activation arising fromstructural materials exposed to high-energy neutrons rather than from the fusion re-action itself. Moreover, fusion reactors inherently avoid chain reactions and the riskof runaway accidents, as the plasma conditions required for fusion are difficult to sus-tain without precise control. Fusion research also aligns with safety and proliferationresistance objectives. Since fusion cores do not utilize fissile materials like Uranium-235 or Plutonium, they present a lower risk in terms of nuclear weapons proliferation.In the event of system failure, the plasma rapidly cools and extinguishes, minimizingthe potential for radiological release. Advances in materials science, particularly low-activation structural materials, are crucial to ensuring that activated components can
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1 RELEVANCE OF COPPER NUCLEAR DATA

be managed safely over the reactor’s lifetime.Two main technologies are currently under development for confining the plasmato achieve fusion: Magnetic and Inertial Confinement [5].Magnetic confinement uses strong magnetic fields to confine hot plasma in toroidaldevices, achieving a long confinement time for low-density fuel. Tokamaks are themost advanced concept of this type, with the International Thermonuclear Experimen-tal Reactor (ITER) [6] under construction in France as the flagship project, involving34 countries. As an alternative magnetic confinement concept, stellarators use com-plex three-dimensional magnetic field geometries to confine plasma without relyingon large plasma currents.The inertial confinement, on the other hand, creates plasma by compressing and heat-ing tiny fuel pellets by high-power lasers. In this case, the plasma has a high density atthe expense of a shorter confinement time. An experimental facility that makes use ofthis technology is the National Ignition Facility (NIF) in the United States. Recent exper-iments at NIF have demonstrated energy yields exceeding the input laser energy for thefusion reaction itself, marking important scientific milestones toward ignition and en-ergy gain, although significant engineering challenges remain before this method canbe scaled to continuous power production.Despite the attractive features of fusion energy and the global efforts that are un-dergoing for its development, there are still major technical challenges that need to beaddressed. The extreme temperatures, particle fluxes, and neutron environments re-quired for sustained fusion place stringent demands on confinement systems and reac-tor components. Key challenges include managing intense heat loads on plasma-facingmaterials, breeding and handling tritium efficiently, and ensuring long-term structuralintegrity under neutron irradiation.
Both Generation IV fission and fusion reactors make significant use of copper be-cause of its excellent thermal and electrical conductivity. An example of a fast researchreactor that extensively employs copper is TAPIRO, described in Section 1.3, whose con-trol rods and reflector are made of natural copper. In fusion reactors, copper is widelyused, particularly in tokamaks heat sink components, such as the first wall and divertor,as well as magnets, diagnostic systems, microwave waveguides and mirrors [7].
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1 RELEVANCE OF COPPER NUCLEAR DATA

1.2 The Nuclear data pipeline
Robust, high-quality nuclear data, in terms of precision and accuracy, underpin progressin nuclear technology and related applications [8]. In practice, outdated, imprecise orincomplete nuclear datasets can hinder progress, constrain achievable predictive eval-uations and, when safety margins are involved, compromise confidence in design andlicensing analyses. This need is especially acute for advanced nuclear systems such asGen IV and fusion reactors, for which there is scarce operational experience (see Sec-tion 1.1). Unlike earlier reactor generations, whose design and optimization benefitedfrom decades of experimental experience and in-service performance data, the devel-opment of advanced reactors depends more heavily on predictive modeling, makingthe high accuracy and completeness of nuclear data a fundamental requirement.The production of increasingly refined nuclear datasets, improving both precisionand accuracy, relies on a structured multi-stage process, whose stages are tightly inter-connected [9]. Transforming raw experimental measurements into application-readydatasets requires several interdependent steps, often referred to collectively as the nu-clear data pipeline.
Experimental measurements The nuclear data pipeline is typically initiated by iden-tifying a specific data need: gaps across the energy range of interest, inconsistenciesamong the available datasets, excessive uncertainties (compared to the accuracy re-quired for the intended application), or insufficient precision. These issues are revealedby applications and validation studies and are then translated into a justified proposalfor new or improved measurements. Initiatives such as the OECD-NEA High PriorityRequest List (HPRL) [10] can help structure this step by documenting what data areneeded, why they matter for applications, and how new measurements would reducekey uncertainties — thereby providing a basis for prioritising experimental campaigns.In practice, proposals are not necessarily channelled through the HPRL, but an HPRLrecommendation (or the assessment of the relevant expert group) is often cited tostrengthen the motivation and to demonstrate the broader, internationally recognisedrelevance of the requested measurements when seeking access to major laboratoryfacilities. Once the need is defined and an experimental program duly justified and mo-tivated, the pipeline proceeds with new differential measurements carried out at one ofthe dedicated, qualified facilities operated worldwide by major research laboratories.
Compilation Once a measurement campaign has been completed and the resultshave been documented, a compilation stage ensures that the information becomesfindable, traceable, standardised, and reusable by the wider community. In practice,compilation proceeds through two complementary layers. First, the Nuclear ScienceReferences (NSR) database provides a continuously updated bibliographic index of nuclear-science literature—journal articles, conference proceedings, laboratory reports, theses,
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1 RELEVANCE OF COPPER NUCLEAR DATA

and related sources—classified and keyworded to support efficient retrieval and sub-sequent evaluation activities [11].Building on the primary references catalogued in NSR, numerical experimental re-sults for nuclear reactions — including reported mean values, associated uncertain-ties, and essential experimental metadata — are extracted by the international nucleardata centres and compiled into the Experimental Nuclear Reaction Data Library (EX-FOR) [12]. EXFOR is the principal global repository for experimental nuclear reactiondata induced by incident neutrons, charged particles, and photons. It contains reactioncross sections and a broad set of related observables, such as resonance parametersand integrals, fission yields, angular-distribution and polarisation information, spectra,and other quantities relevant to nuclear data evaluation and applications. By preservingstructured experimental descriptions and explicit links back to the original publications,EXFOR provides the traceability and standardisation needed for long-term usability.

Evaluation The next step of the nuclear data pipeline is evaluation. In essence, nu-clear data evaluation seeks the maximum possible coherence between information de-rived from experiments and that provided by theory and modeling [13]. Starting fromexperimental datasets compiled in EXFOR, evaluators critically assess the available mea-surements, resolve or rationalise inconsistencies, and use nuclear-reaction and nuclear-structure models - together with systematics and physical constraints - to provide acomplete and self-consistent description of the required observables. This modelingsupport is indispensable because only a fraction of the quantities needed in a general-purpose library can be obtained directly from measurements; models and codes aretherefore used both to fill gaps and to enforce overall consistency across reaction chan-nels and energy ranges. By integrating experimental results with theoretical predic-tions, evaluation produces continuous evaluated files that cover the full energy rangeof interest for applications. 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 ofstandardized reference data, which constitute the evaluated nuclear data libraries [14].In modern evaluation practice, this step increasingly includes not only best-estimatevalues but also a structured quantification of uncertainties and, where available, co-variance information to support uncertainty propagation in simulations. Evaluation ac-tivities are organised within the major national and international programmes, and co-ordinated through frameworks such as the OECD-NEA Working Party on Internationalnuclear Data Evaluation Co-operation (WPEC). Prominent evaluated nuclear data libraryprojects include the U.S. ENDF/B library (produced and recommended by CSEWG anddistributed via the National Nuclear Data Center), the European JEFF library (a collabo-ration among NEA Data Bank participating countries), as well as JENDL (Japan), CENDL
9



1 RELEVANCE OF COPPER NUCLEAR DATA

(China), and ROSFOND/BROND (Russia).These libraries typically provide evaluated reaction cross sections, energy and an-gular distributions of emitted particles, fission product yields, radioactive decay data,photo-atomic data, and thermal scattering law data, with a strong emphasis on neutron-induced reactions. To ensure interoperability with processing systems and applicationcodes, the evaluated information is distributed in the internationally adopted ENDF-6format, maintained under CSEWG stewardship.
Processing Data stored in evaluated libraries are not yet directly usable by most nu-clear application codes. The processing phase converts evaluated, ”physics-native” eval-uations (typically distributed in ENDF format) into code-ready libraries tailored to spe-cific transport tools. In practice, this conversion is performed with dedicated processingtools - like NJOY, or FRENDY - whose mission is precisely to take the basic evaluate infor-mation and generate the representations required by a given application. Processing(or preparation) is more than a file-format translation: it applies a sequence of physics- and numeric-driven transformations that depend on:

• how the evaluation was constructed, (e.g., resonance parametrisation and modelassumptions),
• the limitations and conventions of intermediate formats used during processing,
• the requirements of downstream codes (continuous-energy Monte Carlo vs multi-group deterministic transport; depletion/activation coupling; thermal scatteringtreatment; temperature grids; self-shielding approaches).

Typical operations include resonance reconstruction and linearisation, Doppler broad-ening to application temperatures, unresolved-resonance probability table generation,thermal scattering law treatment, and the generation of either continuous-energy in-terfaces (e.g., ACE) or multigroup, self-shielded libraries and standard interfaces.Finally, preparation is tightly linked to verification and validation. 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 evaluation but alsofrom processing choices or implementation details. For this reason, modern validationworkflows explicitly include processed-library verification and controlled benchmarkingas integral steps in assessing nuclear data performance.
Validation The validation stage of the nuclear data pipeline is essential to demon-strate that evaluated data - once processed in application libraries - can reliably repro-duce the physical behaviour of nuclear systems in simulations. Validation relies on inte-gral benchmark experiments, namely well-characterized reference configurations per-formed at dedicated facilities, for which integral responses (such as spectral indices,
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1 RELEVANCE OF COPPER NUCLEAR DATA

reactivity effects, kinetic parameters, reaction-rate ratios, keff , etc.) are determinedtogether with defensible high precision measurements. The same integral observablescan be computed through simulations of these benchmark configurations using the pro-cessed evaluated data as input. A consistent comparison between calculated and mea-sured benchmark results provide an objective basis for assessing the performance, re-liability, and practical adequacy of the nuclear data in conditions representative of realapplications. Complementing these, SINBAD (Shielding Integral Benchmark Archive andDatabase) preserves and standardises radiation shielding and dosimetry benchmarkexperiments relevant to reactor shielding, fusion neutronics, and accelerator shield-ing. Two OECD-NEA programs, the International Reactor Physics Experiment EvaluationProject (IRPhEP) and the International Criticality Safety Benchmark Evaluation Project(ICSBEP) [15], produce peer-reviewed handbooks containing evaluated integral bench-mark data, which are extensively used for nuclear data benchmarking. This systematicavailability of high-quality integral benchmarks is a cornerstone for continuous improve-ment for major evaluated nuclear data libraries (ENDF/B, JEFF, JENDL, CENDL, etc.) thatare used for nuclear analyses [16].
Applications Finally, the validated nuclear data files are deployed across a broad spec-trum of applications, including reactor design and safety analysis, criticality safety, nu-clear astrophysics, radiation shielding, dosimetry and medical physics.The emergence of innovative technologies, or the introduction of more stringent ac-curacy requirements often exposes limitations in current datasets, triggering the needfor refined or additional nuclear data. In such instances, the nuclear data pipeline isdynamically reactivated, initiating a new cycle of experimental measurements, evalua-tions, and validation activities. Consequently, applications do not merely represent theendpoint of the nuclear data production chain, but serve as a critical feedback mecha-nism that drives continuous evolution. By identifying gaps and setting new standards,the application layer ensures the constant improvement of the quality, reliability, andprecision of the entire nuclear data ecosystem.

The entire nuclear data pipeline relies on the experimental nuclear data on whichit is built. Any bias, missing effect, or underestimated uncertainty in the differentialmeasurements can propagate downstream -through compilation and evaluation, intoprocessed application libraries, and finally into validation results - thereby affecting thecredibility of the simulations and the decisions based on them.In fact, even for modern libraries, only a limited subset of required quantities canbe constrained directly by measurements; nevertheless, experimental data provide theindispensable anchor that guides evaluators and constrains model-based completions.A practical consequence is that seemingly modest deficiencies at the differential-data level can translate into non-negligible effects on integral reactor parameters. For
11



1 RELEVANCE OF COPPER NUCLEAR DATA

example, a small systematic bias in a key reaction cross section may induce a mea-surable deviation in calculated keff of in other integral responses used in criticality andreactor physics, with direct implications for safety margins and operational assessment.
This is precisely why modern Sensitivity and Uncertainty (S/U) analyses explicitlyquantify how nuclear data uncertainties and biases map into uncertainties (and poten-tial biases) on keff and related integral metrics.When experimental information is scarce, incomplete, or limited in precision andtrueness, evaluations must rely more heavily on theoretical models and systematics tofill gaps and enforce cross-channel and energy-range consistency. While this is unavoid-able for comprehensive libraries, it introduces additional - and often hard-to-verify -sources of uncertainties, particularly in extrapolations beyond the measured domain.High-quality (in terms of precision and accuracy) measurements therefore play a dualrole: they constraint where data exist and they calibrate and validate the models usedto infer quantities where measurements are not feasible, thereby reducing extrapola-tion error and improving overall predictive performance. For these reasons, accurateand precise experimental data are essential not only to underpin evaluated libraries,but also to ensure the robustness of the entire simulation enterprise that depends onthem. This logic is reflected operationally in international prioritisation mechanisms -such as the OECD-NEA High Priority Request List (HPRL) - which formalise where newmeasurements are most impactful for reducing uncertainties in application-relevant in-tegral parameters.
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1 RELEVANCE OF COPPER NUCLEAR DATA

1.3 The TAPIRO reactor
TAPIRO (TAratura PIla Rapida Potenza zerO)[17] is a low-power, fast spectrum researchreactor 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 supportexperimental programs on fast-reactor technology and related applications. The fa-cility enables a wide range of activities, including validation of calculation tools andevaluated nuclear data, neutron propagation in different materials, irradiation tests forstudying fast-neutron damage in materials and electronic components. It also servesan important educational role, by providing training opportunities for university coursesand 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 enrichedin 235U. The core is made of two parts: the upper one is fixed, while the lower one ismovable. Criticality is reached when the movable part of the core joins the fixed one.Outside the core, a cylindrical natural-copper reflector is arranged in two layers (bothabout 70 cm in height): the inner layer has a diameter of 38.4 cm and the outer layer adiameter of 80 cm. The reflector improves neutron economy by returning part of theleakage neutrons back to the core. As an additional 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 circuitwas implemented using forced circulation of helium gas, which cools down the reactorwithout moderating the neutrons.Several experimental irradiation channels are available, including two radial channelsand one diametral channel on the mid-plane, complemented by a tangential channel[18]. The internal structure of the TAPIRO reactor is shown in Figure 3. Reactivity con-
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1 RELEVANCE OF COPPER NUCLEAR DATA

Figure 3: Internal structure of the TAPIRO reactor, with the experimental channels num-bered: 1 - diametral channel, 2 - tangential channel, 3 - radial channel 1, 4 - radial channel2, 5 - detector channels, 6 - paraffin, 7 - thermal column.
trol is achieved through copper control elements: two safety rods, two calibration rodsand one regulation rod, all made of copper. Since these rods are made of a reflectingmaterial, their effect is opposite to that of conventional absorber rods: inserting themincreases the overall reflection towards the core, thus increasing keff , whereas with-drawing them increases leakage, thus reducing keff .The reactor is designed to operate up to 5 kWth, corresponding to a maximum neutronflux of 4 · 1012 neutrons · cm−2 · s−1 at the core centre.The reactor provides a fast fission spectrum, peaked at 820 keV and with an averagevalue around 1 MeV. In Figure 4, the neutron energy spectrum at the centre of theTAPIRO reactor is shown.
1.3.1 Relevance of copper data for TAPIRO

Copper is a key material in TAPIRO, as it constitutes both the reflector and the control el-ements. To quantify the impact of copper nuclear data on reactor criticality, sensitivitystudies were performed with MCNP using the ENDF/B-VIII.0 nuclear data library [20].In particular, the sensitivity of the effective multiplication factor keff was evaluated asa function of 63Cu and 65Cu neutron-induced total cross sections (Figure 5). Sensitiv-ity values differ significantly from zero in a region between 10 keV and 10 MeV, with apeak at approximately 1 MeV. This matches exactly the energy spectrum of the TAPIRO
14
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Figure 4: Neutron energy spectrum at the centre of the core of the TAPIRO reactor,peaked at 820 keV, estimated with MCNPX code [19].

(a) Sensitivity for 63Cu (b) Sensitivity for 65Cu
Figure 5: Normalized sensitivity profiles of keff for (n,tot) cross sections of copper iso-topes 63Cu (a) and 65Cu (b) [20].
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reactor, shown in Figure 4, indicating that fast neutrons have the greatest influence onreactor criticality. Comparing the absolute values, it is possible to notice that the sen-sitivity is higher for 63Cu, reflecting the isotopic composition of natural copper (69.15%of 63Cu and 30.85% of 65Cu). A sensitivity ranking was performed on several structuralelements of the TAPIRO, and the results showed that, along with 235U, copper crosssections are amongst the most important contributors on keff . These results highlightthe importance of accurate cross section data of copper for the safety and control ofthe TAPIRO reactor, as well as for other systems which exploit the same technology, forresearch or energy production purposes.

16



1 RELEVANCE OF COPPER NUCLEAR DATA

1.4 State of the art of Cu(n,tot) cross sections
This section provides an overview of the state of the art of Cu(n,tot) cross sections, bothin terms of experimental and evaluated data, highlighting the need for new, refinedmeasurements.
Experimental data Total cross sections of copper isotopes, along with their resonanceparameters, were measured in 1976 at Oak Ridge Electron Linear Accelerator (ORELA)[21]. The accelerator operates at a nominal energy of about 150 MeV, with electronbursts of width 5 ns and a repetition rate of 1000 pulses/s. Neutrons are producedwith a peak intensity of 6 ·1018 neutrons/s in a small water-cooled laminated Ta target.The evaporation neutrons, with an average energy of 1 MeV, are moderated by a watermoderator around the target. Shieldings, filters and collimators are employed to colli-mate and clean the neutron beam. The moderated neutrons travel down a flight pathwith detector stations located at 80 and 200 m from the target. The characteristicsof the accelerator (pulse width, repetition rate, etc.), are chosen to optimize measure-ments in the neutron energy region from 3 to 500 keV. The copper measurements wereperformed at a flight distance of 78.2 m. The two samples of 63Cu and 65Cu, mountedin separate holders, were automatically cycled in and out of the beam. Neutron detec-tion was carried out using a proton-recoil plastic scintillator coupled to a phototube forenergies above 10 keV, and a Li-glass scintillator for lower energies. These data coveran energy range that spans from 50 eV to 150 keV.

Transmission experiments for (n,tot) copper cross section measurements were per-formed in 2013 at the neutron time-of-flight facility GELINA of the Joint Research Centrein Geel [22]. GELINA is a multi-user TOF facility, providing a white neutron spectrumfrom 10 meV to 20 MeV, with measurement stations located between 10 m and 400 mfrom the neutron production target. The electron linear accelerator delivers a pulsedelectron beam with a maximum energy of 150 MeV and a repetition rate ranging from50 Hz to 800 Hz. Neutrons are produced by photonuclear reactions in a mercury-cooleduranium target and moderated by two water-filled beryllium containers. By applyingdifferent neutron beam collimation conditions, experiments can use either a fast or athermalized neutron spectrum. The transmission measurements were performed witha natCu sample and metallic samples enriched in 63Cu and 65Cu at the 50 m measurementstation with the accelerator operating at 800 Hz. The neutron beam passing throughthe sample was detected by a Li-glass scintillator connected to a PMT. These measure-ments provided cross section data between 50 eV and 130 keV.
Copper cross sections were also measured at the Los Alamos National Laboratoryin 1993 [23]. At the Weapons Neutron Research facility of the Los Alamos National Lab-oratory, neutrons are produced by spallation of the 800 MeV proton beam incident
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Figure 6: 65Cu(n,tot) cross sections of several evaluated libraries, showing significantdiscrepancies [24].
on a thick, heavily shielded tungsten target. The resulting neutron spectrum is contin-uous and extends up to 600 MeV. A system of multiple collimators defines a narrow,well-controlled neutron beam and a long shutter collimator fixes the beam size at thesample position. Total cross sections were measured in a classic transmission exper-iment using a natCu sample. The transmitted neutrons were detected by means of aplastic scintillator detector coupled to two photomultiplier tubes.
Evaluated data Evaluated data of neutron-induced copper cross sections reportedby some of the major nuclear libraries, namely ENDF/B-VIII.0, JEFF-3.3, JENDL-5.0 andTENDL-2021, were compared [24]. These libraries showed significant discrepancies forboth 63Cu and 65Cu data. Figure 6 presents a plot of the total cross section for theisotope 65Cu, from which it is possible to appreciate the discrepancies between datacorresponding to the different libraries.These studies showed that in the energy region within 50 and 100 keV, the consid-ered libraries differ in the number of resonances that they report, while in the unre-solved resonance region, their cross section values show discrepancies up to 30% [25].As already described in Section 1.2, the accuracy of evaluated data is essential for
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the applications, with even small biases potentially causing significant errors in the es-timates of the integral parameters of a nuclear reactor. This is particularly true for theTAPIRO reactor, which shows a significant sensitivity to copper cross sections, as ex-plained in Section 1.3.1.

1.5 The RAMEN experimental campaign
The inconsistencies found in the neutron-induced copper cross sections provided bymajor evaluated libraries, together with the limited experimental constraints availablefor several key reaction channels motivated the proposal of an experimental campaignaimed at refining copper nuclear data [26]. Given the neutronic relevance of copperfor the TAPIRO reactor, the Italian National Agency for New Technologies, Energy andSustainable Economic Development (ENEA), in collaboration with INFN, launched anexperimental campaign named RAMEN within the Euratom-funded APRENDE project[27]. The RAMEN campaign is intented to improve copper evaluations by performingnew experimental measurements at the CERN n TOF facility [25], described in Chapter2. Since - as discussed in Section 1.3 - TAPIRO is a fast-spectrum reactor and thereforeparticularly sensitive to neutron energies in the kev-MeV region, the measurementswere designed to strengthen the experimental basis precisely in the energy range mostrelevant to fast-spectrum applications.Capture cross sections were measured in 2024 for both 63Cu and 65Cu, with data re-duction currently in progress, while the measurement, by means of a transmissionexperiment, and analysis of total cross sections of natCu is presented in this thesis. Afurther objective of the campaign is to extend the experimental program to additionalchannels, in particular elastic and inelastic scattering, to provide a more comprehen-sive refinement of copper reaction data. However, measuring these reactions at n TOFis particularly challenging and requires dedicated feasibility studies (including detector-development and background-rejection assessments). Preparatory tests, also involvingcomplementary measurements, are currently underway to verify the measurementsconcept and to ultimately consolidate the experimental strategy.
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2 The n TOF facility
A wide range of research disciplines and applications rely on nuclear data. In particu-lar, neutron-induced reaction cross sections are essential for the safety and criticalityassessment of nuclear reactors, both the present-generation and the more innovativetechnologies, as Generation IV and fusion reactors, presented in Section 1.1.Although nuclear theories and simulations can provide estimates of cross sections, ex-perimental measurements are mandatory to reach the accuracy and reliability requiredby the aforementioned applications. For this reason, several facilities entirely devotedto the measurements of reactions induced by neutrons have been built around theworld. Most of them exploit the Time-of-Flight technique (explained in detail in Section2.2) to determine the energy dependence of neutron-induced cross sections. These fa-cilities use different methods for neutron production and have flight path lengths rang-ing between less than one meter to 400m. Among these are n TOF at CERN in Switzer-land, GELINA at JRC-IRMM in Belgium, RPI and LANSCE in the USA and ANNRI at J-PARKin Japan [28].The n TOF facility, with its wide energy spectrum, high energy resolution and high in-stantaeous flux, represents one of the most active facilities in the field. A first overviewis provided in the following Section (2.1).
2.1 Overview of the facility
The neutron Time-of-Flight facility [29], n TOF, became operational at CERN in 2001,based on an idea by C. Rubbia. To cover the wide range of applications, at n TOF theneutron energies span from few meV to several GeV. Thanks to this wide neutron en-ergy range, along with a high instantaneous flux, the n TOF facility has been one of themost active facilities since the beginning of its operations.The neutron beam is generated by protons, coming from the CERN Proton Synchrotron,that impinge on a lead target, inducing spallation reactions (more details are providedin Section 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 to20 GeV/c, and delivers them to n TOF, to the East Area, and to the Super Proton Syn-chrotron (SPS), to be further accelerated for injection in the LHC. Since 2025, the pro-tons that are directly sent to n TOF from the PS are grouped in bunches of 8.5 · 1012protons, called dedicated. Beams of lower intensity, on average 3.5 · 1012 protons perbunch, are also sent the facility. To distinguish the two, they are referred to as high andlow intensity dedicated bunches. Some of the protons that reach the East Area are sentto the n TOF facility. These are called parasitic bunches and have an average intensityof 5 · 1012 protons per bunch. The average repetition rate between bunches is 0.25 Hz,and for each bunch, the protons are concentrated in a time interval of 7 ns (rms).
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Figure 7: The CERN accelerator complex [30].
The position and profile of the proton pulses sent to the facility are provided by a SEM-Grid placed in front of the lead spallation 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 proportional to the proton beam current. It is used to directlymonitor the intensity, the effective delivery of protons by the PS and for timing pur-poses.Neutrons produced by spallation are then moderated, to further enlarge the neutronenergy spectrum, and driven to the experimental areas. Two vacuum tubes, equippedwith collimators and sweeping magnets, ensure the selection of neutrons among otherparticles produced during spallation, and carry the neutron beam to the first two exper-imental areas. EAR1 is placed at 182.5 m from the spallation target, along the horizontalbeam line, while EAR2 is positioned 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 time of the neutrons at the experimental areas,their energy can be deduced, according to the time-of-flight technique, described in
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section 2.2. Further details about the spallation target and the experimental areas canbe found respectively in sections 2.3 and 2.4. Section 2.5 presents an overview on neu-tron flux detectors at n TOF, which are crucial for transmission measurements.
2.2 The time of flight method
The Time-of-Flight method exploits the fact that the flight path of the neutrons (L) isfixed. It is then possible to extract the time a neutron has traveled as the differencebetween a start signal, corresponding to the time of its production, and a stop signal,corresponding to the moment of its interaction with the detection system. More detailsabout how the TOF is measured will be given in the next Section (2.3). By knowing Land TOF, the velocity of the neutron, and therefore its kinetic energy, can be computed.The velocity is defined as follows:

v =
L

TOF
(1)

and it is used to compute the Lorentz factor:
γ =

√
1

1− v2/c2
(2)

which enters into the expression of the kinetic energy:
En = E −mc2 =

√
p2c2 +m2c4 −mc2 = mc2(γ − 1) (3)

In the non-relativistic regime, the classical formula can be used:
En =
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2
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It is possible to evaluate also the energy resolution, as follows:
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The energy resolution is an important quantity because, in the broad energy spectrumproduced at n TOF, the cross section exhibits many resonances. These structures, whichare not predictable beforehand and must be evaluated experimentally for each isotope,are very close together, with the distance between consecutive resonances decreasingwith neutron energy. Therefore, to accurately resolve these structures, it is essential toconduct experiments with sufficient energy resolution.The energy resolution improves for longer flight paths (large L and TOF). Therefore, thechoice of the experimental area, which determines the flight path length, has an impacton the best resolution achievable.
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2.3 Neutron beam production
The neutron beam at the n TOF facility is produced through spallation reactions in-duced by protons impinging on a lead target. As previously explained in Section 2.1, theproton pulses have intensities of 8.5 ·1012 and 3.5 ·1012 respectively for high and low in-tensity dedicated bunches, and 5 · 1012 for parasitic bunches. The maximum repetitionrate of the delivered proton pulses is 0.8 Hz while the time width of each pulse is 7 ns(rms), allowing for excellent energy resolution of the produced neutron beam, even forthe GeV neutron energy region [31]. On average, 300 neutrons are produced throughspallation reactions per incident proton.
2.3.1 Spallation reaction

Spallation is an inelastic nuclear reaction that occurs when a high-energy particle hitsa target nucleus, causing the emission of many neutrons. This reaction is a sequen-tial process: the incident particle is absorbed by the target nucleus, which first reachesan excited state and then undergoes an intranuclear cascade. Then, an internuclearcascade happens, where high-energy particles, including neutrons, are expelled andabsorbed by other nuclei. Finally, the various target nuclei undergo ”evaporation”, aprocess that consists of their de-excitation, followed by the emission of several lower-energy neutrons and various types of nucleons, photons, and neutrinos.During the spallation process, many high-energy photons are emitted, most of whichcome from the decay of pions produced in the cascade. These photons, together withother ultrarelativistic particles, constitute the fast component of the so-called γ-flash.There is also a slow component, due to neutrons undergoing radiative capture reac-tions in the lead and moderation layers.The γ-flash is seen by detectors in the experimental areas before any other signal, and itobscures data acquisition for its entire duration, which can reach hundreds of nanosec-onds. Despite this dead-time effect, the γ-flash provides a useful method for time cal-ibration. By correcting its time, tγ , for L/c, which is the time taken for the photons toreach the detector, it is possible to know the time when spallation reactions occurred.This corresponds to the instant of neutron production, which is the starting time of theTOF signal. The stop time is the instant when the signals are detected, so the TOF canbe computed as
TOF = tstop − tstart = tsignal − tγ + L/c (6)

2.3.2 Spallation target

The n TOF facility employs a third-generation spallation target [32], developed on thebasis of the operational experience obtained from the first two designs. The first-generationtarget operated from 2000 to 2004 and the second from 2008 to the end of 2018. Eventhough the second target included many upgrades compared with the first one, both
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were cooled by water in direct contact with pure lead, which caused corrosion andcontamination problems. Moreover, both targets were not optimized for vertical beamproduction, since the second experimental area, EAR2, was built only in 2014.The third-generation target [33] was installed during the Long Shutdown 2 and startedoperations in 2021. Its assembly is shown, in exploded view, in figure 8. The core ishoused inside a stainless steel vessel and is made of six lead slices, which are cooled bygaseous nitrogen and supported by precisely machined anticreep plates. The lead slicesare 5 cm thick, with the exception of the slice close to the EAR1 moderator, which is 15cm thick. The anticreep plates are made from aluminum alloy and include the channelsthrough which the cooling fluid flows. The cooling gas is distributed through two mainarteries inside a cradle made from aluminum alloy, which supports the lead core frombelow. Connected to the vessel, two moderator containers, made from aluminum alloyand connected to independent water circuits, are positioned on the path of the neu-trons directed to the two experimental areas.The new target has several advantages in terms of radioprotection. The nitrogen cool-ing system eliminates the corrosion issues caused by direct contact between water andlead in earlier designs. Previously, spallation products, includingα and γ emitters, couldmigrate into the cooling water, creating radiological risks. By using a nitrogen-basedcooling circuit, the release of lead spallation products is greatly reduced, enhancing ra-diological safety during maintenance.Along with the target, the target shielding was also upgraded, with a thicker and mobileversion that reduces air activation in the target area and allowed the installation of theNEAR station close to the spallation target.
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Figure 8: 3D model of the third-generation lead spallation target currently employed atthe n TOF facility [33].
2.4 Experimental areas
The n TOF facility features three experimental areas, with different flight paths andtherefore different neutron flux and energy resolution. The experimental area is cho-sen according to the needs of each experimental campaign. EAR1 and EAR2 are mostlyused for cross section measurements exploiting the TOF technique, while NEAR is bestsuited for activation measurements and radiation-damage studies. Figure 9 shows anoverview of the three experimental areas, along with their distinctive features, whichwill be better explained in the next sections.
2.4.1 EAR1

The EAR1 experimental area was the first one built, in 2001, when the n TOF facilitybegan operations. It is placed at a horizontal distance of 182.3 m from the spallationtarget and is 7.9 m long [34]. The beamline is tilted by 10° with respect to the incom-ing primary proton beam, in order to reduce the background of charged particles andphotons that consitute the γ-flash. A sketch of the evacuated beamline is presentedin figure 10. A sweeping magnet, 2 m long, deflects the in-beam charged particles andtwo collimators shape the neutron beam. The second collimator can be changed toaccommodate the needs of different types of experiments: a collimator with a diam-eter of 18 mm is used typically for measurements of the radiative capture channel ofneutron-induced reactions, while a collimator with a 80 mm diameter is used for mea-surements of the fission channel. Inside the experimental area, several detectors can
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Figure 9: Overview of the three experimental areas at the n TOF facility. Key charac-teristics of the proton beam before impinging on the spallation target are reported,together with the neutron flux produced by spallation. For each experimental area, thecorresponding flight path, best energy resolution, and neutron flux are indicated.
be mounted. They are chosen according to the reactions under study. Typically, liquid(C6D6) and solid (BaF2) detectors are used to measure the γ rays following radiativecapture reactions, while gas (MicroMegas) and solid-state detectors (silicon, diamond)are used for (n,charged-particle) reactions. Fission experiments are usually performedwith gas detectors (MicroMegas, PPAC).The neutron flux in EAR1 is of the order of 106 neutrons/bunch, the lowest amongthe three areas, due to the longer flight path. The energy resolution, on the otherhand, is the best one, with a value of ∆E/E ∼ 10−4 at 1 eV. For this reason, EAR1is best suited for high-resolution measurements, particularly in the resonance region.

Figure 10: Layout of the n TOF-EAR1 neutron beamline, from the spallation target tothe beam dump [34]. Indications of the distances are given in meters.
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Figure 11: n TOF-EAR2 beamline, with the main elements labeled and distances relativeto the spallation target indicated [35].
Since neutrons in this area can be detected up to kinetic energies of few GeV, EAR1 isalso used to extend measurements of neutron-induced reaction cross sections to highneutron energies.
2.4.2 EAR2

The second experimental area, EAR2, was constructed in 2014. It is located on a verticalflight path, at a distance of 20 m from the spallation target. A sketch of the beamlineis presented in figure 11. Analogously to EAR1, permanent magnets and collimators areused to shape the neutron beam. The experimental area begins at a distance of 18.16m from the spallation target and the beam dump is at 24.73 m. Since the upgradeof the spallation target in 2021, the quality of the neutron beam at EAR2 has improvedsignificantly, in terms of flux, energy resolution, and beam profile. Now, the neutron fluxat EAR2 is about 107 neutrons/bunch, while the energy resolution can reach ∆E/E ∼
10−3 at 1 eV. These features make EAR2 suitable for measurements of neutron-inducedreactions on very thin samples, radioactive isotopes with short half-life and reactionswith low cross sections [36].
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Figure 12: Top image: scheme of the NEAR station location at n TOF [37]. Bottom image:different views of the NEAR area. The activation area (a-NEAR) is outlined by the greenvolume, while the irradiation area (i-NEAR) corresponds to the pink volume.
2.4.3 NEAR

The upgrade of the spallation target during the Long Shutdown 2 allowed the instal-lation of a third experimental hall close to the target, called NEAR. The area becameoperational in July 2021 and a scheme of its location at n TOF and of its structure ispresented in figure 12. The mobile target shielding separates the NEAR Irradiation area(i-NEAR), which includes the target and where a station is installed mainly focused onthe irradiation of materials and electronics. Outside the shielding there is the NEARActivation area (a-NEAR), which includes a neutron collimator and the main positiondevoted to cross section measurements by the activation technique [37]. The neutronbeam reaches the a-NEAR through a hole in the shielding wall and is optimized thanksto a collimation system. Due to the close proximity with the target, an extremely highneutron flux, as well as a significant flux of γ rays and charged particles, reaches theNEAR station. The high flux makes this experimental area suitable for measurementson very small samples and extremely short-lived radioactive isotopes, but also allows toacquire data on radiation damage in a neutron-dominated environment. The extremeradiation conditions, however, present some technical challenges in terms of experi-mental detection. The TOF technique is less effective due to the short distance fromthe target and the high radiations complicate the use of standard detectors and elec-tronics. To face these challenges, some offline techniques have been developed. An
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example is Multi-foil Activation Measurements, where small or radioactive samples areirradiated at the NEAR station and then analysed offline with a High Purity Germaniumdetector (HPGe).Furthermore, with the use of filters, i.e. B4C, it is possible to shape the neutron spec-trum and make its energy distribution as close as possible to a Maxwellian distribution.This technique would simulate the neutron flux distribution present in the stars andwould allow for integral measurements relevant for astrophysics, especially when thecross section is too low or the material available is of the order of mg.Thanks to all these features, in addition to the fact that it can operate in parallel withEAR1 and EAR2, the NEAR station contributes to the expansion of the experimental ca-pabilities of the n TOF facility.
2.5 Flux detectors
Detectors capable of measuring the neutron flux are fundamental for carrying out trans-mission measurements. At n TOF, several types of flux detectors are employed [38], andthe choice of which one to use depends on the specific goals and requirements of eachexperiment.The neutron flux is measured by exploiting some neutron-converting reactions, namely
6Li(n,α), 10B(n,α) and 235U(n,f). These reactions are characterized by very high accuracycross sections in some energy regions, where they are considered standards. By select-ing and analysing the products of these reactions, the neutron flux can be measured ineach case.One of the detectors used at n TOF is SiMon (Silicon Monitor device) [36], a solid statedetection system equipped with a 6Li converter. The detector consists of a Mylar foil,with a deposit of 6LiF, centered in the beam and surrounded by an array of four silicondetectors outside the beam in the forward direction. By recording the tritons and alphaparticles emitted in 6Li(n,α) reactions, this system is able to monitor the neutron flux,and is particularly suitable for capture cross section measurements.Another neutron flux detector employed at n TOF is MGAS (Micromegas gas detector),which exploits 10B and 235U as converters. These elements are deposited on cathodesand mounted inside an aluminum chamber, with Kapton windows, filled with a gas cir-culating at atmospheric pressure. This detector, characterized by low noise, high radia-tion resistance and low mass, has been used at n TOF for measuring the total neutronflux and the spatial beam profile, as well as for neutron-induced fission cross sectionmeasurements.A third detection system is a set of Parallel Plate Avalanche Counters (PPAC) [39]. ThePPAC are equipped with a 235U deposit on aluminum backing. Each consists of a centralanode, flanked by two position-sensitive cathodes, and is filled with a low-pressure gas.The PPACs are insensitive to γ-radiation and have a very fast response. They have beenused to measure the n TOF neutron flux and beam profile with high accuracy.
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Finally, to measure the neutron flux, a Low Mass Fission Chamber (LMFC) from thePhysikalisch-Technische Bundesanstalt research institute can be used [40]. It is an ion-ization chamber equipped with six 235U deposits on aluminum electrodes. This systemis very well characterized in terms of detection efficiency and uniformity of the fissiledeposit and is perfectly suited for the measurement of both absolute neutron flux andits energy dependence in the energy range between 0.15 and 200 MeV, where 235U(n,f)cross section is considered a standard. It has also been extensively used for cross sec-tion measurements. This detector was employed for the experiment that is presentedin this thesis and is described in greater detail in section 3.3.Overall, these detectors provide high-resolution measurements of the neutron flux,which are essential for transmission experiments, aimed at measuring total cross sec-tions, as explained in the following section (3.1).
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3 The transmission experiment of natCu
at n TOF

At the n TOF facility, several types of experiments are performed. Among these arecapture measurements, which aim to extract (n,γ) cross sections by measuring the γcascade generated by radiative capture reactions, fission measurements, dedicated tothe study of neutron-induced fission reactions, and charged particles reaction studies.Only recently, transmission measurements with the goal of determining total cross sec-tions have been introduced at n TOF, with the first tests performed in 2023. The natCuexperiment presented in this thesis represents one of the first transmission campaignsat n TOF.The principles of transmission measurements are discussed in Section 3.1. Section3.2 describes the experimental setup used during the natCu measurement, while Section3.3 provides a detailed description of the detector employed. Finally, an overview ofthe measurement campaign and additional relevant details are provided in Section 3.4.
3.1 Principles of transmission measurements for total cross section

determination
Transmission experiments are performed with the goal of extracting neutron-inducedtotal cross sections. These measurements are based on the comparison of the neutronflux incident on a sample with the flux transmitted through it.Figure 13 shows a sketch of a transmission experiment, with the neutron beam imping-ing on a sample.Defining as Jin the incident neutron flux, the flux transmitted through the sample isgiven by

Jout = Jine
−nσtot (7)

where n is the areal density of the sample, measured in atoms/barn, and σtot is thetotal reaction cross section, in barn.The transmission factor - also referred to as transmission - quantifying the fraction ofparticles passing through the sample without interacting, is defined as
T =

Jout
Jin

= e−nσtot (8)
By definition, T only takes values between 0 and 1, with T=0 corresponding to the com-plete absorption of the incident neutrons and T=1 indicating that all neutrons passedthrough the sample without interacting. The total cross section can then be extracted
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Figure 13: Sketch of a transmission experiment [41]. Jin and Jout are the incident andoutgoing neutron flux, respectively. At the centre, a representation of the sample madeof the material under study is shown.
by inverting the former relation, obtaining

σtot = − lnT

n
(9)

The incident neutron flux can be experimentally determined by performing measure-ments without the sample in the beam. The transmission factor is thus computed asthe ratio between the number of counts measured with the sample in the beam andthe number of counts measured without the sample. Any systematics linked with theexperimental setup should cancel out when computing T, since, assuming a stabilityover time, the setup is the same for the two configurations, with the only differencebeing the presence of the sample.The neutron flux is measured by means of flux detectors, described in Section 2.5,which are characterized by a detection efficiency that determines their capability ofdetecting the interactions over the whole incident neutron kinetic energy range. Thequantity that they actually measure is thus the neutron flux (either incident or trans-mitted) multiplied by the detection efficiency (J · ϵ). If the efficiency of the detectorremains constant throughout the entire experimental campaign, hence it is the samefor measurements performed with and without the sample, it should cancel out whencomputing the transmission ratio. To ensure the reliability of transmission measure-ments, it is therefore crucial to monitor the stability of the detectors over time.
3.2 Experimental setup

The n+natCu experiment was performed with the goal of measuring total cross sections,therefore it consisted of a transmission measurement, as explained in the previous sec-
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tion (3.1). It was carried out in EAR1, the experimental area providing the highest energyresolution among the three available at n TOF, as decribed in Section 2.4.1.A copper sample was placed on the transmission line, just downstream of the capturecollimator, as shown in Figure 14. It consisted of a disk made of natural copper, com-posed of 69.15% of 63Cu and of 30.85% of 65Cu, with a thickness of 6 mm and a diameterof 3 cm. At this position, the neutron beam has a width of 1.8 cm, ensuring that it isfully intercepted by the sample.Measurements were performed both with the copper sample in the beam (”Sample-

Figure 14: Trasmission station of EAR1. The capture collimator is visible in the left sideof the figure, while the sample holder is located on the right.
in”) and without it (”Sample-out”), as shown in Figure 15. The two configurations werealternated on a weekly basis, for a total of four weeks.
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Figure 15: Sample holder on the transmission line. In the left image, the copper sampleis present (”Sample-in” configuration), while in the right picture no sample is present(”Sample-out” configuration).
On the other side of the wall, inside the experimental area EAR1, a low mass fissioncamber was installed. This detector was used to record the neutron-induced signalsand is described in detail in the following section (3.3).

3.3 Low mass fission chamber

The detector employed in the n+natCu experiment is a Low Mass Fission Chamber (LMFC)developed by the Physikalisch-Technische Bundesanstalt (PTB) institute [40], already in-troduced in Section 2.5. It consists of a parallel-plate fission ionisation chamber mountedin a low mass setup with thin Kapton windows, designed to minimise neutron inter-actions. Figure 16 shows the external view of the LMFC, where the Kapton entrancewindow and the connector housings are visible, while Figure 17 presents the internalstructure of the detector.The LMFC contains a stack of six 235U fissile samples, with a diameter of 42 mm each.The samples are deposited on aluminum backings with a thickness of 30 µm, which issignificantly larger than the range of fission fragments in aluminum. This ensures thatthe fragments are fully stopped inside the backing and do not contaminate adjacent lay-ers. Pairs of samples were mounted back-to-back in aluminum holder rings connectedto ground potential, so that the samples act as cathodes. The anodes facing the sam-ples consist of 20 µm aluminum foils glued to 1 mm thick rings made of fiber-reinforcedplastic material (G10). The anode foils have a yellow backside, which is visible in Figure
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Figure 16: LMFC outiside top view. It is possible to observe the Kapton window and thespace for the connectors.

Figure 17: LMFC inside view. The labels refer to the different channels, with ’U’ repre-sentings channels connected to Uranium samples and ’B’ being the empty channels.
17, and their thickness is sufficient to stop fission fragments emitted from the adjacentfissile layer. The cathode and anode foils are held at a distance of 5 mm by six PEEK
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spacers. Three stacks containing two cathodes and two anodes each were assembledand placed on top of each other, with spacers between adjacent anodes such that thedistance between the anode foils is 3 mm. The six 235U layers are labeled U1, U2, U3,U4, U7, U8 in Figure 17.Below and above the stack, two additional cathodes equipped with blank samples (with-out the Uranium deposit) were mounted, together with their corresponding anodes.These channels, labeled B1 and B2 in the picture, are intended for background mea-surements. Only one of them (B1) was connected and registered data during the trans-mission measurement.The chamber was sealed and operated in continuous flow mode at low ambient pres-sure, regulated by the gas flow system using Ar/CF4 (10% vol).The LMFC was placed in EAR1 and the electronics connections were made. Each chan-nel was first connected to a Canberra preamplifier and then to an ORTEC amplifier, witha voltage supply of +230V. Figure 18 shows the fission chamber in the final setup insideEAR1, with the amplifiers and pre-amplifiers connected.

Figure 18: LMFC installed in EAR 1 for the n+natCu experiment.
Figure 19 shows a typical fission fragment signal detected by the LMFC.The TOF assigned to the events is defined using the constant fraction method, andin this case is equal to 911535 ns. The risetime, defined as the time taken for the signal togo from 10% to 90% of its maximum amplitude, is 53 ns. The full width at half maximum(FWHM) is 110 ns. The amplitude of the signal is measured in channels, where onechannel corresponds to 0.0742 mV. The signal in Figure 19 has an amplitude of 36002channels, which corresponds to 2671.4 mV.In this way, many information about the events were registered by the LMFC. Themost relevant quantities for the analysis are the time-of-flight and the signal amplitude.For the n+natCu experiment, a detailed analysis of these two quantities was performed,
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Figure 19: Raw signal induced by a fission fragment, detected by channel 7 of the LMFC.
and is described in Sections 4.2 and 4.3.It is worth mentioning that the six channels of the fission chamber were read outseparately, which allowed their independent analysis.
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3.4 Measurement campaign

The n+natCu transmission measurement was performed at n TOF between May andJune 2025. As already mentioned in Section 3.2, the experimental configuration wasalternated weekly between Sample-in and Sample-out. The exact dates of each mea-surement week, together with the corresponding configuration and total number ofprotons, are reported in Table 2.The experiment was carried out with a total of 3.66 · 1018 protons, out of which
Week 1 Week 2 Week 3 Week 421/05 - 28/05 28/05 - 04/06 04/06 - 11/06 11/06 - 17/06Sample-in Sample-out Sample-in Sample-out

8.55 · 1017 p 8.37 · 1017 p 1.13 · 1018 p 8.36 · 1017 p
Table 2: n+natCu measurement timeline. The exact dates of the 4 weeks of measure-ment are reported, along with the corresponding configuration and number of protons.
1.99 · 1018 were measured in the Sample-in and 1.67 · 1018 in the Sample-out con-figuration. Table 3 reports how many of the total protons came from dedicated pulsesand how many from parasitic.

Total protons 3.66 · 1018Dedicated protons 2.38 · 1018Parasitic protons 1.28 · 1018

Table 3: Total number of protons of the n+natCu measurement campaign and their dis-tinction between dedicated and parasitic.
The data were acquired in multiple runs. Each data acquisition window was stoppedonce 2 · 1016 protons had been delivered, corresponding to approximately 3 hours ofcontinuous data taking. Data from different runs were then summed together for acombined analysis.The following chapter describes the analysis of the data collected during the n+natCutransmission experiment.
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4 Data Analysis
This chapter focuses on the analysis of data of the n+natCu experiment at n TOF.The pulses registered by the Low Mass Fission Chamber detector were identifiedand processed and, for each acquisition channel, the amplitude and TOF informationwere registered.Since the six channels of the detector were read out separately, an independentanalysis of each channel was performed. Another distinction consistently applied through-out the data analysis is between data corresponding to Sample-in runs and that cor-responding to Sample-out. These datasets are fundamentally different and thereforehave been analysed separately.The first section (4.1) of this chapter describes the optimization of the Pulse ShapeAnalysis routine, which concerns the recognition of pulses from the raw signals, beforetheir processing. Then, a detailed analysis of the amplitude spectra was carried out, asdescribed in section 4.2. This study involved the determination of amplitude thresholdsto discriminate fission fragment events from background events and the assessment ofthe stability and the efficiency of the detector. Afterwards, time-of-flight spectra wereanalysed (Section 4.3) and TOF and transmission histograms were built. Finally, applyingthe selection conditions and calibration values established by the aforementioned anal-yses, the cross section as function of neutron energy was extracted, and is described inSection 4.4.
4.1 Pulse Shape Analysis optimization
Data are acquired by sampling and storing the complete analog waveform of the detec-tor signals for each neutron pulse, in the form of raw data files. Once stored in digitalformat, the electronic signals are accessible for offline analysis in order to obtain in-formation on the flight time and pulse height. Raw signals registered by the detectorsat n TOF undergo a Pulse Shape Analysis (PSA) procedure which has the purpose ofselecting only the pulses corresponding to actual event signals.Figure 20 presents a typical waveform registered by channel 7 of the LMFC. The redhorizontal line represents the baseline, which is the reference level for the determi-nation of signal properties, such as the pulse amplitude. The first pulse visible in thewaveform corresponds to the γ-flash, which is the first signal that reaches the detector,at approximately 11.2 x 103 ns after the opening of the acquisition window. The yellowvertical line marks the identification of the γ-flash by the PSA algorithm. The grey bandsindicate time intervals in which the PSA routine has identified valid signals. Only pulsesrecognized by the algorithm are selected to be later processed, while all other parts ofthe waveform are discarded.The criteria by which the PSA algorithm identifies valid signals are defined through
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Figure 20: Raw signal registered by channel 7 of the LFMC - old version of the PSAroutine.

Figure 21: Raw signal registered by channel 7 of the LFMC - analysed with the newoptimized version of the PSA.
constraints on some parameters, such as signal width, γ-flash time, pulse amplitude,and the ratio between the area and the amplitude of the signal. The parameters aredefined and stored in a so-called UserInput configuration file, which is used for datadecoding. There is a standard version of the UserInput file, that allows a preliminaryreconstruction of signals, and which was used to process the signal shown in Figure20. Since the PSA routine is a general purpose framework, the parameters used for thesignal reconstruction are optimized for each detector and experimental campaign.From Figure 20, it is possible to observe a region of pronounced oscillations fol-lowing the γ-flash. These oscillations are induced by the intense burst of photons andrelativistic particles produced in the spallation reaction, which temporarily perturbs theLMFC detector. Since these structures do not correspond to genuine neutron-inducedevents, they should not be reconstructed as valid signals. However, the PSA routinedefined by the standard UserInput, incorrectly identifies this oscillatory region as con-taining event signals. This behaviour provides a clear example of the need for PSA op-timization in order to improve data quality. By adjusting the selection ranges of severalparameters, the signal reconstruction was improved. Figure 21 shows the same wave-form presented in Figure 20, reconstructed using the optimized PSA routine. After theoptimization, the PSA correctly selects only the γ-flash pulse and the large-amplitude
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Figure 22: Time-of-flight histograms of Sample-in runs of the six active channels of theLFMC. Histograms obtained using data processed with the previous version of the User-Input file are shown in red, while those derived from data processed with the optimizedversion are shown in blue.
peak, which corresponds to a neutron-induced fission fragment event.All experimental data were subsequently reprocessed using the optimized PSA rou-tine, defined by the parameters stored in the new UserInput file.The impact of the optimization was evaluated through a comparison of time-of-flight histograms built using data processed with the old and the new UserInput files.They are reported, for Sample-in data, in Figure 22, distinguishing each LMFC chan-nel. The most significant changes in TOF histograms are observed for channels 7 and 8.These were indeed the channels most affected by γ-flash-induced oscillations, as wasalready evident from the inspection of their raw signals (such as Figure 20). Other chan-nels were less affected from oscillations and the reconstruction of signals was thereforealready efficient with the old version of the PSA. In these cases, PSA optimization has asmaller impact compared to channels 7 and 8, as can be seen from the comparison oftheir TOF histograms.Figure 23 presents the TOF histograms for Sample-in runs of channel 7, along withtheir ratio. For this case, there is an evident reduction of noise at very low TOF. Thisindeed corresponds to the region just after the γ-flash, which is the one mostly affectedby oscillations. Since low TOFs correspond to high energies, this work has improved thequality of the data at high neutron energies, which is the region of main interest for thisexperimental campaign.
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Figure 23: On the left: TOF histograms of Sample-in runs of channel 7, with data pro-cessed with the previous version of the UserInput file (in red) and the new one (in blue).On the right: ratio between the new UserInput and the old UserInput histograms. A sig-nificant reduction of oscillations at low TOF can be appreciated.
The reconstruction with new PSA routine has also significantly improved the statis-tics of channel 8, reaching 12% for the case of Sample-Out signals, as can be appreciatedfrom Figure 24. For Sample-in data of the same channel, an increase of 5% was ob-served. This improvement, observed across the entire TOF range, is due to the fact thatsome signals were not properly reconstructed by the program before the optimization.

4.2 Amplitude Analysis
Once all data had been processed with the PSA algorithm optimized for this experiment,a detailed analysis of the amplitude spectra of the signals was carried out.In Figure 25, a typical amplitude spectrum of data registered with the LMFC is pre-sented. The spectrum exhibits two distinct peaks. The first one, located at lower am-plitudes, is dominated by contributions from α particles emitted by the 235U samplesas a result of their natural radioactivity [40]. Since α particles deposit significantly lessenergy than fission fragments, they generate smaller-amplitude signals. The secondstructure, at higher amplitudes, corresponds to signals produced by fission fragments.Due to the limited energy resolution of the detector, light and heavy fission fragmentscannot be resolved and therefore contribute to the same broad peak.Since the α particles represent a source of background in this experiment, an am-plitude selection cut was defined. Only signals with amplitudes above this threshold,corresponding to fission events, were retained and used for the construction of theTime-of-Flight and cross section histograms.
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Figure 24: On the left: TOF histograms of Sample-out runs of channel 8, with data pro-cessed with the previous version of the of the UserInput file (in red) and the new one(in blue). On the right: ratio between the TOF histograms corresponding to the newand the old UserInput files. This comparison highlights an increase in statistics of ap-proximately 12%.

Figure 25: Typical amplitude spectrum obtained from LMFC data. The histogram wasbuilt with data acquired during the first week of measurements, in the Sample-in con-figuration, and for channel 3. The vertical line marks the amplitude threshold that dis-tinguishes the background region (shadowed) from the fission events signals.
The analysis of the amplitude spectra is therefore fundamental for defining the se-lection criteria to distinguish neutron-induced signals from background. The amplitudespectra considered in the analysis were all normalized for the number of incident pro-tons, so as to make more reliable comparisons.
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A preliminary analysis of the amplitude spectra for each channel, which led to afirst determination of the selection cuts, was carried out by grouping multiple runs to-gether and is described in Section 4.2.1. Then, a quantitative evaluation of the detectorstability was performed by monitoring the fission fragment peak position and detectorefficiency over time (Section 4.2.2). A deeper analysis of the efficiency, which led toa data selection and to an estimate of the systematic uncertainty associated with thechoice of the amplitude threshold, is described in Section 4.2.3.
4.2.1 Preliminary analysis of amplitude spectra

A first qualitative study of the amplitude spectra was performed in order to obtain ageneral overview of the detector behaviour over time. 14 groups of 3 consecutive runs,equally distributed throughout the experimental campaign, were selected and theircorresponding amplitude spectra were compared and analysed. Figure 26 shows theamplitude spectra of these 14 groups for the case of channel 3.From the figure, it is possible to observe that data acquired in the Sample-in config-uration exhibit fewer events than those acquired in the Sample-out configuration, sincein this case a fraction of the neutrons interact with the copper sample and thereforedo not reach the detector. The most relevant feature of this plot is that the shape ofthe amplitude spectra remains stable over time, indicating that the detector responsedid not undergo significant variations during the measurement campaign. This stabil-ity allowed the use, for each channel, of a constant amplitude threshold for the wholecampaign, without the need to introduce time-dependent selection criteria. The am-plitude threshold was chosen in the valley region between the background and thefission peaks, as a compromise between rejecting as much background as possible andretaining all fission-fragment events. For example, the amplitude threshold for channel3 was set to 5 × 103 channels. The six LMFC channels exhibit different shapes in theiramplitude spectra, and therefore the choice of the amplitude threshold was performedseparately for each channel. Table 4 summarizes the amplitude thresholds selected forthe six channels, based on the analysis of their amplitude spectra.
LMFC channel Amplitude threshold (channels)Channel 1 4.5× 103Channel 2 5.5× 103Channel 3 5.0× 103Channel 4 4.0× 103Channel 7 5.5× 103Channel 8 6.0× 103

Table 4: Initial choice of amplitude thresholds for the six channels of the LFMC.
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Figure 26: Amplitude spectra for channel 3 of the 14 groups of 3 consecutive runs,equally distributed throughout the campaign. The legend indicates, for each group,the configuration in which the data were acquired (Sin for Sample-in data and Sout forSample-out). The vertical scale was truncated at 1.6× 10−14 entries/protons, to betterhighlight the region between the two peaks.
4.2.2 Detector Stability Analysis

Once the amplitude thresholds were chosen, only the region above the threshold, cor-responding to the fission-fragment peak, was considered. The amplitude spectra abovethreshold were computed separately for each run, as shown in Figure 27. From thesehistograms, two quantities were extracted:
• The detection efficiency, computed as the number of counts above threshold,normalized to the number of protons
• The amplitude corresponding to the position of the fission-fragment peak

The former quantity was computed as the integral under the curve shown in Figure 27and provides a measure of the detector ability in detecting fission events. The latterwas extracted by identifying the bin with the maximum number of entries and takingthe central value of that bin. Both quantities were evaluated for each run and subse-quently grouped into graphs as a function of the run number. The analysis was carriedout separately for each of the six LMFC channels, and Sample-in and Sample-out datawere treated independently. Runs corresponding to different weeks of measurement(already specified in Table 2) were displayed using different colours, in order to highlightpossible time-dependent effects.
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Figure 27: Amplitude spectrum above threshold for channel 3 of a Sample-out config-uration run.
Figure 28 shows representative examples of these graphs for the Sample-out con-figuration of channel 3, displaying (a) the detection efficiency and (b) the position ofthe fission-fragment peak as a function of the run number. These graphs were pro-duced to quantitatively assess the stability of the detector response over time for allsix channels. From their analysis, some anomalous behaviours were identified. A smallnumber of outliers were observed, and investigated in detail by inspecting their corre-sponding amplitude spectra and comparing them with those of adjacent runs. Figure29 presents an example of such case. The outlier circled in Figure 29 (a) corresponds toa distorted shape of the amplitude spectrum, visible in Figure 29 (b), which might havebeen caused by a temporary instability of the detection system. Data that showed thisbehaviour were considered unreliable and were therefore disregarded from the analy-sis. Only a very limited number of runs exhibited this behaviour, and their exclusion didnot result in any significant loss of statistics.Outliers were not necessarily present simultaneously in both the efficiency andpeak-position distributions. The combined analysis of the two types of graphs wastherefore essential for the identification of all problematic runs.Overall, small statistical fluctuations were observed, but no systematic trends werefound, indicating that no significant gain shift occurred during the experimental cam-paign.
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(a)

(b)

Figure 28: Detection efficiency (a) and position of fission fragment peak (b) as a functionof the run number, for Sample-out runs of channel 3.
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(a)

(b)

Figure 29: (a): Position of maximum amplitude for Sample-out runs of channel 1. Runnumber 44 constitutes an outlier and is circled in red. (b): Full amplitude spectra ofruns 44 (in red), 45 and 46.
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4.2.3 Efficiency analysis

For transmission experiments, it is particularly important to assess the stability of thedetection efficiency over time, since this quantity plays a crucial role in assessing thereliability of the method. For this reason, a more detailed analysis of the efficiencywas carried out. In the plots, data corresponding to different weeks of measurementswere displayed using different colours, as visible in Figure 28 (a). The efficiency valuesbelonging to each group were then collected into separate histograms, as illustratedin Figure 30. These histograms exhibited an approximately Gaussian shape and their

Figure 30: Histograms grouping the efficiency values of the 2 Sample-out weeks forchannel 3 data. The legend displays the mean and standard deviation for each of thesegaussian-shaped histograms.
mean µ and standard deviation σ values were extracted. Figure 31 shows the sameefficiency graph as Figure 28 (a), with the addition of these reference lines.For all channels and for both Sample-in and Sample-out configurations, the greatmajority of the efficiency values lie within ±2σ from the mean value. For most cases, 2σcorresponds to approximately 2% of the efficiency value. This important result demon-strates that the detector efficiency remained sufficiently stable throughout the mea-surement campaign. This stability is a key requirement for the reliability of transmis-sion measurements, as it ensures that possible variations in detector response do notintroduce systematic effects in the determination of the cross section, thus validatingthe transmission method described in Section 3.1.
Data selection In order to improve the accuracy of the data, a data selection wasperformed by excluding the runs whose efficiency values lay more than 2σ from the
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Figure 31: Detection efficiency as a function of the run number for Sample-out runsof channel 3. The continuous line is drawn in correspondence of the mean efficiencyvalue, while the dashed lines are drawn at ±2σ from the mean.
mean value, i.e. outside the region delimited by the two dashed lines in Figure 31.The loss of statistics associated with this selection was evaluated and found to be,on average, approximately 4%, both in terms of reduced number of protons and events.Since this does not represent a significant loss, the selection was applied in favour ofan enhanced data accuracy.
Efficiency dependenceonamplitude threshold The impact of the choice of the ampli-tude threshold on the efficiency was also investigated. For each channel, two additionalthreshold values were considered, one lower and one higher than the value previouslydetermined, reported in Table 4. For each of these alternative thresholds, efficiencygraphs of the same type as those shown in Fig. 31 were reconstructed.For each case, the mean efficiencies, along with the standard deviations, were ex-tracted. Table 5 summarizes the results of this study for channel 3 of the LMFC.For each configuration, the ratio between the mean and the standard deviation isalso reported, expressed as a percentage. This value is of the order of 1%, indicatingthat the efficiency is considerably stable.By comparing the different rows, it is possible to quantify the impact that a variationof the amplitude threshold has on the efficiency values. These results were used to esti-mate the systematic uncertainty associated with the choice of the amplitude threshold,
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Threshold Sample-in 1 Sample-in 2 Sample-out 1 Sample-out 2
(channels) µ σ σ/µ µ σ σ/µ µ σ σ/µ µ σ σ/µ

4.5× 103 4.27 0.05 1.19% 4.24 0.05 1.17% 6.36 0.07 1.07% 6.32 0.05 0.78%
5.0× 103 4.23 0.05 1.20% 4.21 0.05 1.19% 6.31 0.07 1.06% 6.27 0.05 0.77%
5.5× 103 4.20 0.05 1.23% 4.18 0.05 1.20% 6.27 0.07 1.07% 6.23 0.05 0.78%

Table 5: Results of the efficiency study for different amplitude thresholds on LMFC chan-nel 3 data. The mean efficiency, µ, and the standard deviation, σ, are in units of 10−13

normalized counts.
defined as

∆σamp thr =
µlower thr − µupper thr

µcentral thr

(10)
The study was repeated for each LMFC channel, and it was verified that the resulting

∆σamp thr values always remained close to 1%. Consequently, a value of∆σamp thr = 1%was adopted as the systematic uncertainty associated with the choice of the amplitudethreshold for the entire dataset. It is worth noting that, in most cases, the thresholdvalues were varied by about 500 channels, which is a relatively large variation comparedto the width of the region between the two peaks. This implies that the estimateduncertainty is likely an overestimation.This contribution was subsequently combined with the other sources of uncertaintyaffecting the final cross section values, as will be discussed in Section 4.4.
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4.2.4 α-induced background study

A possible presence of residual background in the selected events was investigatedthrough a comparison of the amplitude spectra of dedicated and parasitic bunches.The main contribution to the background events is represented by α particles re-leased from 235U decay, and is therefore constant over time. Considering that the timeacquisition window is the same for parasitic and detected bunches, the number of back-ground events from α particles are expected to be equal in the two cases. The numberof fission events, instead, changes because the parasitic pulses present fewer neutronsper bunch with respect to dedicated ones. Once the normalization for the incident num-ber of protons is performed, the fragment peaks overlap, while the peaks populated bythe background events show different heights, as expected. This is indeed what is ob-served in Figure 32, which presents this comparison for channel 3. Figure 33 presents

Figure 32: Amplitude spectra of dedicated and parasitic bunches for Sample-in data ofchannel 3.
the same spectra but only for amplitudes above the threshold that was chosen for thatchannel. In the same Figure, a ratio of the two histograms is shown.The difference that is observed at amplitudes higher than the threshold suggeststhe presence of residual background. Since this behaviour was observed for all thechannels, the six amplitude thresholds were all raised systematically by 500 channels,in order to exclude residual background events. The new thresholds, which are theones that were used as selection cuts in the final analysis, are reported in Table 6.This study constituted the last step of the amplitude analysis. The following Sec-tion describes the analysis of the Time-of-Flight and the construction of transmissionhistograms.
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(a)

(b)

Figure 33: (a): Amplitude spectra above threshold of dedicated and parasitic bunches,for Sample-in data of channel 3; (b): ratio of the histograms corresponding to dedicatedand parasitic bunches. The difference observed at amplitudes higher than the thresholdsuggests the presence of residual background.
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Channel of LMFC Amplitude threshold (channels)Channel 1 5.0× 103Channel 2 6.0× 103Channel 3 5.5× 103Channel 4 4.5× 103Channel 7 6.0× 103Channel 8 6.5× 103

Table 6: Final amplitude thresholds for the six channels of the LFMC.
4.3 Time-of-Flight analysis
This Section describes the analysis concerning the TOF spectra. In order to computethe exact TOF, the time registered by the detector needs to be corrected for the starttime, as explained in section 2.3.1. This time was extracted from the PKUP detector,and then calibrated to match the γ-flash signals, as described in Section 4.3.1. Then,TOF histograms were computed for Sample-in and Sample-out data and, from theirratio, transmission histograms were extracted (Section 4.3.2). Section 4.3.3 describesthe assessment of the compatibility of different datasets through both a qualitative andquantitative comparison of their TOF and transmission histograms. Finally, a calibrationfrom TOF to neutron energy was performed by the extraction of the flight path, and isdescribed in Section 4.3.4.It is important to note that all the studies that follow were performed on data thatwas selected following the efficiency studies described in Section 4.2.3 and applyingthe amplitude selection cuts reported in Table 6 of Section 4.2.4.
4.3.1 γ-flash calibration

As already discussed in Section 2.3.1, in order to compute the proper TOF of incomingneutrons, the detection time of events registered with the LMFC must be corrected fora starting time that corresponds to the instant of neutron production. Usually at n TOF,the γ-flash is used for this purpose. The γ-flash arrival time distribution was analysedand is shown, for Sample-in runs of channel 3, in Figure 34. This distribution, which issimilar for the other channels, is relatively broad, with a width exceeding 200 ns. Thetime distribution of signals detected by the PKUP detector was also examined (Figure35) and resulted to be much narrower, with most signals concentrated in only 40 ns.This indicates that the PKUP detector provides a much more precise time informationwith respect to the γ-flash recorded with the LMFC. For this reason, the time signalsregistered by the PKUP were employed in the analysis as the start-time reference.
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Figure 34: Distribution of the γ-flash times registered by channel 3 of the LMFC forSample-in runs.

Figure 35: Time distribution of the PKUP detector signals for Sample-in runs.
In order to match the correct timing information, which is the instant of neutronproduction, the PKUP signal had to be calibrated. The calibration was performed bysimply computing the difference between the the γ-flash time and the time registeredby the PKUP for each proton bunch. These values were grouped into a histogram, onwhich a Gaussian fit was performed to extract the mean value. This calibration proce-dure was performed independently for the six active LMFC channels, and the resultsare reported in Figure 36.
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Figure 36: Calibration of the PKUP time signals to match the γ-flash registered by thesix channels of the LMFC.
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The mean values are approximately 660 ns, but they differ by several nanosecondsamong the various channels. For this reason, six different calibration values (referredto as ∆) were extracted and applied independently in the construction of the TOF his-tograms.
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4.3.2 TOF and transmission histograms

Time-of-flight histograms were finally constructed on data selected following the effi-ciency study described in section 4.2.3, applying the amplitude cuts reported in Table 6and the timing calibration described in section 4.3.1. Furthermore, a selection conditionwas also applied on time, by selecting events that satisfy the condition TOF-TPKUP≥ 103ns. This cut is motivated by the fact that the region immediately following the γ-flashis characterized by a great instability, since the tail of the γ-flash signal may not havecompletely vanished yet. In this region, effects such as detector saturation can inter-fere with the data acquisition, making the data unreliable for the analysis. The imposedselection condition therefore ensures that that only events occurring in a time windowwhere these transient effects are no longer present are retained. Finally, the selectioncondition on TOF introduces an upper limit on the maximum neutron energy of thecross section data. Details on the TOF to energy conversion are given in Section 4.3.4.TOF histograms were built separately for Sample-in and Sample-out data, and theyare displayed in Figure 37 for channel 3 of the LMFC.

Figure 37: Calibrated Time-of-flight histograms of LMFC channel 3 data, for Sample-in(Sin) and Sample-out (Sout) runs.
It is worth recalling that Sample-in data correspond to data acquired with the cop-per sample in the beam, while Sample-out data were acquired without it, thereforeany difference in the two histograms can be attributed to the presence of copper. TheSample-in histogram presents less counts with respect to Sample-out, since the cop-per sample absorbs a fraction of neutrons. This difference in the number of registeredevents is more evident in the high TOF region, which corresponds to low neutron en-
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ergies. This is explained by the fact that, at low energies, the fraction of neutrons ab-sorbed is higher, due to the typical behaviour of total neutron-induced cross sectionsas a function of energy.From Figure 37, several structures can be observed. Some are present in both Sample-in and Sample-out histograms and can be attributed to neutron interactions with thestructural materials of the LMFC, such as aluminium, but mainly uranium. The interac-tions of neutrons with the 235U samples are likely the cause of the resonances observedin the region between 106 and 107 ns. The structures that are observed only in Sample-in data can be instead associated with neutron interactions with the copper sample.From the ratio of Sample-in and Sample-out histograms, the transmission as a func-tion of TOF can be extracted, as explained in Section 3.1. Figure 38 presents the trans-mission histogram for channel 3, obtained from the ratio of the two histograms of Figure37.

Figure 38: Transmission as a function of TOF for LMFC channel 3 data.
As expected, transmission values are always between 0 and 1. In principle, if nosystematic effects are present between the Sample-in and Sample-out runs, the struc-tures observed in both cases should cancel out when computing the transmission ratio.Indeed, the region between 106 and 107 ns, which shows many resonances in the TOFhistograms, is almost flat in the transmission histogram. The structures that are stillobserved in the transmission histogram can instead be attributed to the interaction ofneutrons with the copper sample.These histograms were built separately for different datasets, and they were com-pared to assess the compatibility of the corresponding datasets, as described in Section4.3.3.
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4.3.3 Data compatibility assessment

The TOF and transmission histograms were built separately for different datasets andthen compared in order to assess the compatibility of the corresponding data. Distinc-tions were made between data corresponding to different weeks of measurements,data registered by the different channels of the LMFC, and between data correspond-ing to dedicated and parasitic proton pulses.
Compatibility of data measured over different weeks Selecting data registered byonly one LMFC channel, TOF histograms of Sample-in runs were built separately fordata registered in the two different weeks of measurement corresponding to this con-figuration. This study was repeated separately for each channel of the LMFC and ispresented in Figure 39 for channel 1 as a representative example.Figure 39 (a) presents the two TOF histograms, with Sin 1 corresponding to the firstweek of the measurement campaign and Sin 2 to the third one (see Table 2 for the time-line). In order to make a quantitative comparison, the ratio of these two histograms wascomputed (Figure 39 (b)). From their ratio as a function of TOF, it is possible to observesmall oscillations around 1, mostly within 5%. This behaviour is confirmed by the his-togram presented in Figure 39 (c), which groups the ratio values into a histogram, ofwhich the mean value and standard deviation are extracted by means of a Gaussianfit. The mean ratio is compatible with 1 within a standard deviation of 3.6%. This in-dicates that the two histograms, and therefore also the corresponding datasets, arecompatible. This represents a further confirmation of the stability of the detector overtime, since no systematic differences were observed between data measured in differ-ent weeks.This comparison was then repeated for Sample-out data, and is presented in Figure40. The same conclusions can be drawn for this case, again with a compatibility of 1within 4%.Then, transmission histograms were computed separately for the first two weeks ofmeasurement (Sin1/Sout1) and for the last two (Sin2/Sout2). Assessing the compatibil-ity of the transmission histograms is important because the transmission is the quantityfrom which the cross section is directly extracted, as explained in Section 3.1.The comparison is presented in Figure 41, again only for channel 1 data. Also in thiscase, some oscillations were observed in the ratios, but their values are compatible with1 within 5.4%, indicating the absence of systematic effects. This is another confirmationof the stability of the detector over time, which allows the combination of the dataacquired in the different time windows, without the need to apply time-dependentcorrections.As already mentioned, the results were presented here for LMFC channel 1 as anexample, but similar values were found for the other channels of the LMFC, with com-patibilities always within 5%.
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(a)

(b)

(C)

Figure 39: (a): TOF histograms of the two weeks of Sample-in (Sin 1: first week of mea-surement, Sin 2: third week), for LMFC channel 1 data; (b): ratio of the two histograms(Sin1/Sin2), with a continuous line traced at 1 and two dashed lines at ± 5% from 1; (c):ratio values distribution, fitted with a Gaussian function.
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(a)

(b)

(C)

Figure 40: (a): TOF histograms of the two weeks of Sample-out (Sout 1: second week ofmeasurement, Sout 2: fourth week), for LMFC channel 1 data; (b): corresponding ratio(Sout1/Sout2), with a continuous line traced at 1 and two dashed lines at ± 5% from 1;(c): ratio values distribution, fitted with a Gaussian function.
62



4 DATA ANALYSIS

(a)

(b)

(c)

Figure 41: (a): Transmission histograms of the first two weeks of measurement (Set1) and the last two week of measurement (Set2), for LMFC channel 1 data; (b): corre-sponding ratio (Set1/Set2), with a continuous line traced at 1 and two dashed lines at ±10% from 1; (c): ratio values distribution, fitted with a Gaussian function.
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Compatibility of the LMFC channels The compatibility of the six channels of the LMFCwas then assessed through a comparison of their transmission histograms. The chan-nels were compared in pairs, and Figure 42 presents the comparison of channel 1 withchannel 4 as an example.From Figure 42 (b), it is possible to observe that the values are compatible with 1within 10% across the whole TOF range. Figure 42 (c) allows a more quantitative com-parison, by grouping the ratios into a histogram fitted with a Gaussian function. Fromthe results of the fit, it is possible to assess a compatibility with 1 within 4%.Similar results were found for the other pairs, with no systematics observed, soit was concluded that the 6 channels are all compatible. This assessment allows thecombination of data corresponding to different acquisition channels without having tocorrect for offsets.
Compatibility of dedicated and parasitic bunches The last compatibility check thatwas performed concerns the comparison between data corresponding to neutrons pro-duced by parasitic and dedicated proton bunches impinging on the lead target. As ex-plained in Section 2.1, these bunches have different intensities, so it was necessary toverify that no significant differences were present in the induced events. Their compar-ison was therefore carried out to ensure the compatibility of the two datasets and tojustify their summation in the final analysis.Figure 43 presents this comparison for LMFC channel 1 data.Despite the oscillations and some outliers lying at specific TOFs, the data are com-patible with 1 within 5.4%, without systematic effects. This confirms the possibility ofcombining the corresponding datasets.Since all the compared datasets were judged compatible, they were combined to-gether for the extraction of the final transmission spectrum.Data corresponding to the two sets of Sample-in and Sample-out were summed to-gether, and transmission histograms were computed distinguishing each channel andbunch type, obtaining thus 12 histograms. These were then summed into a single trans-mission histogram as a function of TOF. This was done because possible small system-atic differences among the individual cases can partially cancel out when computingthe ratio between Sample-in and Sample-out data, improving the overall reliability ofthe transmission measurement.The resulting transmission histogram as a function of TOF is shown in Figure 44.In order to convert this histogram from time to energy domain, a calibration proce-dure was carried out and is described in Section 4.3.4.

64



4 DATA ANALYSIS

(a)

(b)

(c)

Figure 42: (a): Transmission histograms of LMFC channel 1 and 4; (b): correspondingratio (channel 4 / channel 1), with a continuous line traced at 1 and two dashed lines at
± 10% from 1; (c): ratio values distribution, fitted with a Gaussian function.
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(a)

(b)

(c)

Figure 43: (a): Transmission histograms of data corresponding to dedicated and para-sitic proton bunches, for LMFC channel 1; (b): corresponding ratio (dedicated / para-sitic), with a continuous line traced at 1 and two dashed lines at ± 10% from 1; (c): ratiovalues distribution, fitted with a Gaussian function.
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Figure 44: Final transmission histogram as a function of TOF. This histogram includesthe whole data of the natCu transmission experimental campaign.
4.3.4 Time-of-Flight to energy calibration

A calibration procedure was carried out in order to convert the Time-of-Flight into neu-tron energy. The equation for this calibration can be obtained by combining the formu-las in Eq.1 and Eq. 3 described in Section 2.2. In the low-energy regime, the classicalexpression (4) is valid, which, when combined with 1, leads to:
En =

1

2
m(

L

TOF
)2 (11)

In order to perform the conversion from TOF toEn, it is therefore necessary to knowthe exact neutron flight path (L). This value was extracted by matching several low-energy copper resonances observed in evaluated nuclear data with the correspond-ing resonances in the transmission spectrum. The energies of the resonances weretaken from ENDF/B-VII.1 [42] (n,total) cross section data of the copper isotopes 63Cuand 65Cu, and are reported in Table 7, along with the indication of the isotope to whichthey correspond. The same resonances were identified in the transmission histogramof Figure 44. A Gaussian fit was performed on each resonance to extract the mean TOF,as shown in Figure 45. The mean TOF values obtained from the fits, together with theirassociated uncertainties, are reported in Table 7.
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Figure 45: Gaussian fits applied to seven copper resonances in the transmission his-togram. The fits allow the extraction of the mean TOF associated with each resonance.
Resonance 1° (65Cu) 2° (63Cu) 3° (63Cu) 4° (65Cu) 5°(63Cu) 6° (65Cu) 7° (63Cu)En (eV) 230 579 2038 2529 2642 3920 5831

TOF (ns) 868882
± 92 548075

± 49 290856
± 65 261387

± 32 255874
± 24 210169

± 30 172379
± 31

Table 7: Seven low-energy copper resonances selected for the determination the flightpath. The first row indicates the copper isotope for which each resonance is observed.The second row presents their energies, taken from ENDF/B-VII.1 library [42], and thelast row reports the corresponding TOF values obtained from Gaussian fits to the trans-mission histogram built with the LMFC data.
The values reported in Table 7 were then used to build an energy-TOF graph, shownin Figure 46. Each point of the plot corresponds to a copper (n,tot) resonance. A fit tothese data was performed using the non-relativistic formula 11, since all selected reso-nances lie in the low-energy region. The flight path L was left as the only free parameterof the fit. The value of the flight path resulting from the fit is: L = 182.1 ± 0.1 m.This value of L was then used to convert the entire transmission histogram from TOFto energy domain. Figure 47 shows the same histogram as Figure 44 but expressed asa function of neutron energy.Finally, from this distribution, the total cross section histogram as a function of neu-tron energy can be extracted. The following section (4.4) describes the cross section his-togram, which represents the main result of this thesis and the objective of the n+natCuexperiment.
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Figure 46: Neutron energy versus Time-of-Flight for several resonances of 63,65Cu totalcross sections. The energies were taken from ENDF/B-VII.1 library, while the TOF valueswere extracted from Gaussian fits to the corresponding resonances in the transmissionhistogram. The data were fitted with equation 11 to determine the neutron flight path.

Figure 47: Final transmission histogram as a function of incident neutron kinetic energy.
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4.4 Cross section
The histogram of the transmission as a function of neutron energy, shown in Figure 47,can be converted into cross section, as explained in Section 3.1. By knowing the arealdensity of the sample, this conversion can be made using equation 9. The areal densityof natural copper was computed from the measured values of the sample mass anddiameter and was found to be n = (5.17± 0.02)× 10−2 atoms/barn.Figure 48 shoes the natCu(n,tot) cross section as a function of neutron energy. The

Figure 48: natCu(n,tot) cross section built with n TOF data.
neutron energy covered spans from 10−2 eV to 30 MeV. The wide energy range cov-ered demonstrates the quality of the data. In particular, providing data up to 30 MeVrepresents an important result, since extending copper cross sections to high neutronenergies, i.e. to the MeV region, was the main motivation behind the experiment (seeSection 1.5)Three different binnings were used in this histogram, to best highlight the behaviourof a typical total cross section across different energy regions. Up to 102 eV, a binningof 80 bins per decade was employed. From 102 to 106 eV, the binning was increasedto 500 bins per decade, to resolve the single resonances. Then, from 1 to 30 MeV,where the resonance spacing becomes too small to be resolved, a binning of 20 bins perdecade was used. The high-energy region is characterized by strong oscillations, sincethe detector is affected by the γ-flash induced effects. These oscillations represent themain limitation for extending the analysis to even higher neutron energies and justify
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the choice of a relatively low binning in this region.The tailored choice of the binning allows to appreciate the different aspects thatcharacterize each energy range. The low-energy region, extending from thermal neu-trons up to a few tens of eV, is characterized by the typical 1/v behaviour. The flat trendobserved in the logarithmic plot of Figure 48 is a direct manifestation of this depen-dence. A small deviation from this flat tendency can be observed at very low energies.This might be due to a slight misalignment or imprecise positioning of the copper sam-ple, which could cause some non-negligible effects for very low energy neutrons, forwhich the interaction probability is particularly high.The intermediate energy region exhibits many resonances, which are well resolved.Above approximately 1 MeV, the inelastic channel opens and a characteristic “bump”becomes visible in the cross section. As already mentioned, this region is affected bylarge oscillations, which limit the achievable precision of the data and imply an upperlimit on the neutron energy.
Uncertainty evaluation There are several sources of uncertainty that contribute tothe total error associated with the cross section. The error bars shown in the total crosssection histogram of Figure 48 were computed as the statistical uncertainty associatedwith the number of counts in each bin (N), i.e. as the inverse of the square root of thenumber of counts

∆σcounts =
1√
N

This contribution depends on the chosen binning, since the number of events perbin varies with the bin width. There is also an uncertainty associated with the numberof protons delivered to the target. However, this contribution is sufficiently small to beconsidered negligible. Another small contribution arises from the uncertainty on theareal density of the sample, which enters directly into the computation of the crosssection. This uncertainty is given by:
∆σn =

n

∆n
= 0.4%

Finally, there is the systematic uncertainty associated with the choice of the amplitudethreshold, which was estimated with the efficiency study described in Section 4.2.3. Itwas verified that this value, for most detectors and also for Sample-in and Sample-outdata, was stable around
∆σamp thr = 1%

Since these contributions are independent, they were combined together througha quadrature sum, as follows:
∆σtot =

√
(∆σcounts)2 + (∆σn)2 + (∆σamp thr)2 (12)
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Comparison with other experimental and evaluated data n TOF cross section datawere compared with other data, obtained from both independent experimental mea-surements and evaluated nuclear libraries, by overlapping the corresponding plots.From these comparisons, a systematic energy shift with respect to n TOF data was ob-served.The n TOF data had been calibrated from TOF to energy using a flight path value of L= 182.1 m, which was determined through the resonance calibration method describedin Section 4.3.4. This value might not exactly correspond to the true flight path and istherefore considered responsible for the systematic energy shift that is observed. Thisdoes not constitute a critical issue, since the (n,tot) data will eventually be combinedwith capture cross sections measured at n TOF as part of the RAMEN initiative. In thatcontext, the flight path will be re-evaluated more accurately, and the value determinedhere should therefore be considered preliminary rather than final. For this reason, con-versions using different values of the flight path were tested and the comparison withthe other datasets was repeated. The flight path value that provided the best agree-ment with the external data was found to be L = 182.5 m.All cross section histograms presented in this thesis (including Figure 48) have there-fore been constructed using this value for the TOF-to-energy conversion.In Figure 49, a comparison of n TOF cross section data with experimental data ofthe ORELA facility [21] is presented.

Figure 49: natCu(n,tot) cross section of n TOF (in blue) and ORELA data (in green).
It is evident that n TOF data extend the energy range of cross section data. In Figure
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Figure 50: natCu(n,tot) cross section of n TOF (in blue) and ORELA data (in green) - closeup on the resonances around 104 eV.
50, a close up of the same plot on some resonances is presented. From this comparison,it is possible to observe a good agreement between the resonances measured by thetwo facilities. Furthermore, it is possible to notice that n TOF resonances are measuredwith higher precision, as evidenced by their sharper structures.A comparison was also performed with evaluated data from the CENDL-3.2 library[43]. In this case as well, a good agreement is found, especially in the resonance region,which is more clearly shown in Figure 52. Above 1 MeV, it is possible to appreciatethe agreement of the inelastic contribution, confirming the consistency between theexperimental data and the evaluated library also in this region.
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Figure 51: natCu(n,tot) cross section of n TOF data (in blue) and evaluated data fromCENDL-3.2 (in red).

Figure 52: natCu(n,tot) cross section of n TOF data (in blue) and evaluated data fromCENDL-3.2 (in red) - close up on the resonances around 104 eV.
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Conclusions
Motivated by the scarcity of experimental data and the inconsistencies observed in theevaluated data libraries for copper cross sections, considering also their relevance forthe TAPIRO reactor, ENEA in collaboration with INFN proposed an experimental cam-paign for the refinement of neutron-induced copper cross sections through measure-ments at the n TOF facility at CERN. The experimental campaign, named RAMEN, com-prises the measurement of Cu(n,γ) and Cu(n,tot) cross section, performed in 2024, and2025 respectively. The total cross section was measured by means of a transmission ex-periment, which was among the first of its kind at n TOF. Transmission experiments canbe used to determine the total cross section by measuring the neutron flux transmit-ted through a sample of the material under study and dividing it by the flux measuredwithout it. A natural copper sample was used for this purpose, and the measurementwas carried out at the n TOF EAR1 experimental area. A Low Mass Fission Chamber(LMFC) detector, containing six 235U samples, was employed for neutron detection andflux measurement. The events registered by the LMFC were acquired, processed, andanalysed in detail.The data analysis involved several optimization studies aimed at maximizing thequality of the extracted cross sections. First, the reconstruction of signals was improvedby optimizing the parameters of the Pulse Shape Analysis routine. This work led, forsome LMFC channels, to a reduction of noise at high energies and to an increase instatistics. Then, a detailed analysis of the amplitude distributions of the detected signalswas carried out. From the analysis of the corresponding spectra, amplitude thresholdswere defined for each channel in order to discriminate fission signals from background.The stability of the detector was monitored through the analysis of the position of thefission fragment amplitude distribution peak and the detection efficiency over time.These studies allowed the identification of some instabilities and the exclusion of thecorresponding data from the analysis. Since no systematic shifts emerged from thesestudies, the detector was considered stable over the full duration of the measurementcampaign. This analysis allowed the improvement of the accuracy and the assessmentof the systematic uncertainty associated with the choice of an amplitude threshold.Finally, a comparison between amplitude spectra corresponding to high-intensity andlow-intensity proton bunches was performed and led to a refinement of the selectionconditions, improving the signal to noise ratio.Furthermore, the time-of-flight analysis was performed on the same data set. Thestarting time information, required for the TOF computation, was extracted from thePKUP detector and then calibrated to match the γ-flash registered with the LMFC. Then,TOF histograms were built for Sample-in and Sample-out data and, from their ratio,transmission histograms were extracted. The compatibility of different datasets, cor-responding to different LMFC channels, weeks of measurements, and neutron bunch
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intensity, was assessed through a comparison of their TOF and transmission histograms.All datasets were found to be compatible within, typically, less than 5%.Once the data sorting and selection was performed, a calibration of the flight pathwas needed to convert time-of-flight spectra to neutron kinetic energy spectra. TheTOF-to-energy calibration was performed via a least-squares adjustment of the flightpath, based on the analysis of several low-energy resonances in copper.Finally, the total cross section as a function of neutron energy was extracted, ap-plying the selection cuts and conditions established in the previous stages of the dataanalysis. The broad energy spectrum of the n TOF neutron beam allowed the measure-ment of copper total cross sections over a wide energy range. Since the measurementwas primarily motivated by the needs of the fast-spectrum TAPIRO reactor, a key objec-tive was to extend reliable nuclear data to high energies, namely the MeV region. Thisgoal was successfully achieved, with cross sections extending up to 30 MeV.The extracted cross section shows good agreement in the resonance region withexisting experimental data and evaluated libraries, highlighting the high quality of then TOF measurements and of the adopted analysis procedure. These results provide asignificant contribution to the improvement of the nuclear data available for copper,forming a solid basis for advancements in reactor physics applications.
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[36] Marta Sabate-Gilarte, Massimo Barbagallo, Nicola Colonna, F Gunsing, P Žugec,V Vlachoudis, YH Chen, Athanasios Stamatopoulos, Jorge Lerendegui-Marco,Miguel Antonio Cortés-Giraldo, et al. High-accuracy determination of the neutronflux in the new experimental area n TOF-EAR2 at CERN. The European Physical
Journal A, 53(10):210, 2017.

[37] Matteo Ferrari, Dominika Senajova, O Aberle, YQ Aguiar, D Baillard, MassimoBarbagallo, A-P Bernardes, L Buonocore, Matteo Cecchetto, Vincent Clerc, et al.Design development and implementation of an irradiation station at the neu-tron time-of-flight facility at CERN. Physical Review Accelerators and Beams,25(10):103001, 2022.
[38] Massimo Barbagallo, C Guerrero, Andrea Tsinganis, D Tarrı́o, S Altstadt, S Andria-monje, J Andrzejewski, L Audouin, V Bécares, F Bečvář, et al. High-accuracy deter-mination of the neutron flux at n TOF. The European Physical Journal A, 49(12):156,2013.
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