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Abstract

In recent years, a statistically significant anomaly has been observed in the emission
of electron-positron pairs with an invariant mass of approximately 17 MeV=c? at the
HUN-REN ATOMKI laboratories. This so-called X17 anomaly consisted of an excess
of events in the angular distribution of lepton pairs produced in the nuclear reactions
"Li(p,e*e¥)®Be, *H(p,e"el)*He and ™B(p,e"e!)?C. Among several hypotheses, this
anomaly may indicate the existence of a light neutral boson beyond the Standard Model.
However, further independent experimental validation is needed to either confirm or
refute these observations.

For this purpose, the conjugate neutron-induced reaction 3He(n, e+e{)4He has been
proposed to be studied at the n_ TOF facility. The measurement of angular distribution
of the electron-positron pair produced in this reaction could confirm the existence of
the X17 boson and, if detected, determine its quantum numbers. The detection system
for this experiment is designed to provide large acceptance, particle identification and
tracking. It consists of a layer of ;-RWELL gaseous detectors and a surrounding array of
scintillator bars.

This thesis presents the characterization of the scintillator array, performed through data
analysis of a test conducted at n_TOF. The role of the array in the experiment is to
trigger the acquisition and to measure the incident neutron energy. Noise and saturation
effects, which are crucial aspects in a neutron-dominated background, were evaluated
for both the scintillator and the readout system. A hit-map reconstruction algorithm
was implemented to improve the overall tracking resolution. While the scintillator array
and SiPM readout were found suitable for the upcoming experiment, the data acquisition
(DAQ) system showed several limitations, prompting the selection of an alternative system
for the final setup.
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Introduction

In the past few decades, many experiments have proved that the Standard Model (SM) of
particle physics is a highly successful theory in describing fundamental particles and their
interactions. However, some shortcomings led the SM to be regarded as a low-energy limit
of a more comprehensive theory. In fact, some important questions are left unanswered,
such as the nature of dark matter, the origin of the matter-antimatter asymmetry in
the Universe, and the strong CP problem. These limitations have motivated extensive
theoretical and experimental e orts to search for new physics phenomena.

A very active and developed research eld in this context is the search for new patrticles,
whose observation would constitute a clear, unambiguous signal of physics beyond the
Standard Model. Surprisingly, a signal of this type could come from the realm of
low-energy nuclear physics reactions.

During the transition of a nucleus from an excited state to its ground state, there are
di erent competitive emission processes, among which thedecay is usually dominant.
Another process, known as internal pair creation (IPC), involves the emission of an
electron-positron pair. The angular distribution of the correlation between the emitted
leptons in IPC has been studied since the 1950s. Experimentally, it has been used to
study the multipolarity of nuclear transitions by exploiting the di erent kinematics of
magnetic and electric transitions at large angles.

However, in recent years, a statistically signi cant excess of emitted lepton pairs has been
detected at large correlation angles at the HUN-REN ATOMKI laboratories at Debrecen,
Hungary. This anomaly was observed after the de-excitation of the nal nuclear states
following the “Li(p, e* e!)®Be, 3H(p, e" el )*He and 'B(p, e* e! ) 2C reactions.

So far, no nuclear physics model has successfully explained this anomaly. A fascinating
interpretation beyond the SM of these results points to the existence of a light boson
decaying into the observed lepton pairs. This particle is referred to as X17, due to the
value of the observed excess in thee invariant mass of approximately 17 MeV:c?.

Despite the consistency of the observations at ATOMKI and the intriguing beyond SM
prospect, additional experimental data are required to fully understand the nature of
this anomaly. For this reason, many experiments worldwide are either investigating or
planning to investigate the X17 anomaly through di erent channels. While some of
these experiments have already constrained the coupling of this hypothetical particle



with ordinary matter, others are still in the R&D phase, but are expected to contribute
signi cantly to the understanding of this phenomenon in the near future.

An interesting approach is the study of the neutron-induced reactiofHe(n, € e! )*He
reaction, considered complementary to théH(p, e* el )*He one. This reaction has been
proposed to be studied at the nTOF facility at CERN, which provides a pulsed neutron
beam characterized by high instantaneous neutron ux, wide energy range and high
energy resolution.

The detection system has been designed to overcome the experimental limitations of the
ATOMKI measurements and, at the same time, to minimize the e ect of the challenging
neutron-dominated background conditions. The setup that was proposed consists of four
M-RWELL gaseous detectors and a con guration of crossed scintillator bars surrounding
the *He target.

In this thesis work, the performance of the crossed scintillator bars array has been
evaluated. In particular, the analysis on data from a test conducted at AOF in 2023 has
been performed, to assess the suitability of the detection system to the detectioneof
pairs in the energy range of interest. The analysis included the estimation of background,
saturation e ects such as the dead time of the system, hit spatial reconstruction and
response to di erent neutron energies.

Chapter 1 illustrates the theoretical framework behind the expected observations in the
aforementioned nuclear reactions and some hypotheses on the observed X17 anomaly,
together with a description of the ATOMKI experimental apparatus for its detection.
Chapter 2 provides an overview of the TOF facility, its purposes and the unique features
of its neutron beam for the study of the reaction of interest.

In Chapter 3 the theoretical motivations and experimental solutions for the search of the
X17 anomaly at nTOF are reported. The apparatus used for the test studied in this
thesis is also described.

Finally, Chapter 4 contains a review of the main results obtained from the data analysis
carried out on the scintillator bar array.



Chapter 1
The X17 anomaly

In recent years, a research group at the HUN-REN Institute for Nuclear Research
(ATOMKI) has observed a resonant structure at approximately 1MeV=c? in the invariant
mass distribution of positron-electron pairs, produced after excitation of target nuclei by
means of a proton beam. The anomaly was observed with a signi cant deviation (greater
than 6.6 ) from the theoretical expectations in the following nuclear reactions [1{3]:

‘Li(p;e'e )®Be (1.1)
*H(p; " e )*He (1.2)
HB(p:e'e )1C (1.3)

So far, this anomaly remains unexplained, and could indicate the existence of a light
boson referred to as X17, with mass of approximately MeV=c?>. The observations made
by the ATOMKI group have yet to be con rmed or refuted by independent experiments.

1.1 Electromagnetic transitions in nuclei

For all three reactions 1.1, 1.2, 1.3, the excited intermediate stat®€¢*, He" or C*) can
decay to the fundamental state either by high-energy gamma radiation emission (about
17 MeV) or by a positron-electron pair by Internal Pair Conversion (IPC).

The following section introduces the common framework of electromagnetic transitions,
which constitute the main contribution of expected signals in the nuclear reactions studied
at ATOMKI.

1.1.1 decay

When a nucleus is in an excited state, due to previousor decays or nuclear reactions,
decay is the dominant process during the transition to the ground state. It consists of
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an emission of one or several photons in the energy rang&MeV to 10MeV, typical
of the energy separation between nuclear states. Consider a nucleus of mdsat
rest, transitioning from an initial excited state E; to a nal state E;. To conserve
linear momentum, the nal nucleus will recoil with momentumpg and corresponding

nonrelativistic recoil kinetic energyTg, given by Tr = % Conservation of total energy
and momentum gives:

E:Ei Ef:E+TR

Pr= P
where E and p are the energy and the momentum of the emitted -ray photon,
respectively.
Using the relativistic relation E = cp, it follows that:
E2
+ —
2M ¢c?

For E  Mc? (which holds true since E is of the order ofMeV), the -ray energy
E can be approximated as:

E=E

(_E)?

2Mc?

The recoil correction is typically on the order of 10° and is generally negligible compared
to experimental uncertainties. Consequently, the approximation E E is valid,
implying that the measured photon energy serves as a rst-order estimate of the energy
di erence between the nuclear states under investigation [4].

Even though the quantum description of electromagnetic radiation from nuclear transitions
is more appropriate, some analogies from the classical treatment can aid in understanding
guantum calculations. Static charge and current distributions generate static electric
and magnetic elds, which can be described using the multipole moments of the charge
distribution, such as the dipole and quadrupole moments. These moments produce
characteristic elds that can be studied individually. The electromagnetic eld produced
by time-dependent charges and currents can also be obtained, at distances much greater
than the source, through a multipole series expansion, characterized by the angular
distribution of the emitted radiation.

For example, given a system with equal and opposite chargegand ( separated by

a xed distance z, the electric dipole moment is de ned asl = gz A static magnetic
dipole can be instead represented as a circular current loop of currénénclosing an area
A, with the magnetic dipole moment given by = iA.

When these dipole moments vary over time, they produce electromagnetic radiation elds.
For instance, oscillating charges along the axis generate an electric dipole radiation
eld described by d(t) = gzcog!t ), while varying currents produce a magnetic dipole

E =

4



radiation eld (t) = iA cog!t). In quantum mechanics, the dierent terms in the
multipole expansion are associated with distinct values of angular momentum carried
by the photon, characterized by the quantum numbet.. The index L in the context
of multipole radiation indicates the multipole order, whereL = 1 corresponds to dipole
radiation, L = 2 to quadrupole, and so on. Usinge for electric andM for magnetic,
three properties of multipole radiation are worth mentioning:

1. The angular distribution of 2--pole radiation, relative to a chosen direction, is
governed by the Legendre polynomidp,_(cos ). For example, in the dipole case

P,= 2(3cog 1) is used.

2. The parity of the radiation eld is:
(ML)=( 1)
(EL)=( D"
Electric and magnetic multipoles of the same order always have opposite parity.
3. The radiated power is:

2(L +1)c ! 22
oL[(2L +1)12 ¢

P(uL) = [m(uL)]? (1.4)

whereu = E or M represents electric or magnetic radiatiormn(uL) is the amplitude
of the time-varying u multipole moment, and (4. + 1)!! denotes the double factorial
(2L+1) (2L 1) ::: 3 1.

The transition to the quantum mechanics description implies that the multipole moments
m(uL) become multipole operators, which change the nuclear state from to ; while
simultaneously creating a photon of the proper energy, parity, and multipole order. The
decay probability is therefore given by the matrix element of the multipole operator
Z
myi (uL) = (m(uL) ;dv (1.5)
\Y
By dividing Eq. 1.4 by the emitted photon energy~! , the probability per unit time for
photon emission, commonly referred to as the decay constanful ), is obtained.
The decay constant for various electric multipole orders can be estimated by computing
the matrix elements from Eq. 1.5, using the nuclear shell model to describe the transition.



These computations, together with other assumptions and approximations detailed in
[4], are known as Weisskopf estimates. They provide relative comparisons for nuclear
transition rates, rather than precise theoretical predictions.

The resulting estimates for the lower electric multipole orders, speci cally féiBe (A = 8),

are as follows:

(E1)' 40 10“E?3;

(E2)' 1.2 1CE>;

(E3)' 22 1CE’;

(E4)' 28 10 3E®:
where isins ! andE, the transition energy, is inMeV. The transition rates for lower
magnetic multipole orders are:

(1.6)

(M1)' 56 10¥E?3;
(M2)' 1.4 10°ES;
(M3)' 26 10E";
(M4)' 29 10 *E®:

(1.7)

Although these estimates are speci cally calculated foiBe, the results are found to be
very similar for the nal states of *H(p;€" e )*He and ''B(p; e" e )**C.
Two key conclusions from the Weisskopf estimates are as follows:

1. Lower multipolarities dominate, with each increase in multipole order reducing the
transition probability by approximately 10°.

2. For light nucleli, electric radiation is generally more probable than magnetic radiation
of the same multipole order by about one order of magnitude.

Another important consideration is that decays are governed by selection rules, which
depend on the angular momentum and parity of the transition. For instance, nucled& 0
transitions do not result in the emission of a single photon because a photon must carry
at least one unit of angular momentum. As a resultE O transitions are instead observed
through other mechanisms: either as emission of multiple photons, as ejection of a bound
electron from its atomic shell, or by the creation of a positron-electron pair. The latter
two processes, Internal Conversion and Internal Pair Creation, are explained in detail in
the following subsections.



1.1.2 Internal Conversion

Internal conversion is an electromagnetic process that competes withemission. In
this process, the electromagnetic elds of the nucleus do not result in photon emission;
instead, these elds interact with atomic electrons, causing one of the electrons to be
ejected from the atom. Unlike decay, the electron involved in internal conversion is not
newly created during the decay but is a pre-existing electron in an atomic orbit.

It is important to notice that internal conversion is not a two-step process where a photon
is rst emitted and then knocks an electron out of orbit, similar to the photoelectric

e ect, since such a scenario would have an extremely low probability of occurring.

The transition energyE involved in this process is converted into the kinetic energye of
the emitted electron, minus the binding energyB that is required to release the electron
from its atomic shell:

Te=E B

The electron binding energyB in a speci ¢ shell sets the threshold for internal conversion to
occur). Thus, conversion electrons are identi ed by the electronic shell they originate from,
such as K, L, M, etc., corresponding to principal atomic quantum numbens = 1;2; 3;
and so on.

The intensity of the conversion electron process varies depending on the multipolarity
of the radiation eld. In some cases, internal conversion is much more probable than
emission, while in others, it may be negligible. It is generally necessary to account for
internal conversion when calculating the probability of emission.

To account for this contribution, the internal conversion coe cient (ICC) is de ned as:
_€

where ¢ and are the internal conversion and emission decay probability constants,
respectively. Partial conversion coe cients can be de ned for individual atomic shells,
such asK, L, M, etc., and further subdivided into subshells if needed.
Since the process is electromagnetic in nature, the matrix element that governs it is
similar to that of Eqg. 1.5, but with initial state including a bound electron, denoted as

i = in ie, WhereN represents the nuclear wave function and represents the electron
wave function. In the nal state, ¢ = Ny re, Where . is the free-particle wave
function.
An important aspect is that, with a degree of approximation, all nuclear-speci c infor-
mation is contained within ;y and ¢y, and both emission and internal conversion
are governed by the same electromagnetic multipole operator(uL). Consequently, the
nuclear part of the matrix element in Eq. 1.5 remains identical for both processes. Given
that both  (uL) and <(uL) are proportional to jms; (uL)j?, their ratio  is independent
of the speci c details of nuclear structure. This result relies on an approximation that
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assumes the electron wavefunction does not signi cantly \penetrate" the nucleus. While
the electron wavefunction does interact with the speci ¢ nuclear wavefunction to some
extent, this interaction typically has a very slight and usually negligible e ect on the
conversion coe cient. An approximated, non-relativistic calculation gives the following
results:

Nl

Z3 L 1

(EL)/ S —— =

nL+1 E

oy el (1.8)
ML)/ S S

wheren is the principal quantum number of the bound electron wave function. It can be
noted that internal conversion is an important e ect for nuclei of high atomic numbeiz
in low-energy transitions of high multipole order_.

1.1.3 Internal Pair Creation

Where the transition energy from an excited state to a lower-energy one is high enough
(> 1:022MeV), it is possible for an emitted photon to convert into a positron{electron
pair in the Coulomb eld of the emitting nucleus. This process is known as Internal Pair
Creation, Internal Pair Conversion (IPC) or Internal Pair Formation.

In this scenario the transition energy can be transmitted to electrons in the \negative-
energy states” near the nucleus. From Dirac's theory it is well known that the states of
negative kinetic energy are occupied by electrons. The lifting of one of these negative-
energy electrons into a positive-energy state appears as the creation of an electron-positron
pair.

The electron wave functions which are used to compute IPC probability (in a very similar
manner to the one described in Section 1.1.2) are the continuum solutions of the Dirac
eqguation for a nuclear potentialVy :

@

@t’

where and are the Dirac matrices,me the mass of the electron angb its momentum.

A complete orthogonal set of continuum solutions which can be used are either ordinary
plane waves or Coulomb-distorted plane waves, which are the exact scattering wave
functions for electrons and positrons and are derived by solving the Dirac equation in
parabolic coordinates [5].

First calculations of the angular correlation in internal pair conversion were performed
by Rose [6] for the multipolarity L > 0O of the nuclear transition. His calculations utilize
second-order perturbation theory with ordinary plane waves as lepton wave functions, i.e.
Born approximation is employed.

( pP+W+ me) =i



The representation of electrons and positrons by ordinary plane waves implies the neglect
of any Coulomb distortion. For the decay of states close to threshold in heavy nuclei,
however, one clearly should take into account that electrons and positrons are created in
the Coulomb potential of the nucleus [7]. As a consequence, the lepton wave functions will
be strongly deformed by this potential, which is characterized by the coupling constant
Z (=0 if plane waves are used instead), where is the ne structure constant. For high
transition energy and low atomic numberZ, the full calculations agree with the results
obtained from the Born approximation. Thus, for the reactions of interest mentioned
above, the Born approximation is su cient.

For nuclear transitions of angular momentunL > 0, any penetration e ect is neglected,
as already done in Section 1.1.2, which would otherwise require assumptions about a
speci ¢ nuclear model. These assumptions would drastically complicate the calculations
and, furthermore, would contain uncertainties on the same scale as this \no penetration”
approximation.

Similarly to the IC case, the Internal Pair Conversion Coe cient (IPCC) is de ned, for

L > 0, as the ratio of the pair conversion probability to the emission probability:

ete

As mentioned in Section 1.1.1E0 transitions do not result in photon emission, since it is
forbidden by conservation of angular momentum and parity. In this case, the IPCC is
de ned as:

ete

e

Calculations of the IPCC have been extensively investigated, and the results are tabulated
in various references [8{10]. The IPCC exhibits the following general trends:

1. It increases with the transition multipole orderL.
2. It increases with the transition energy.
3. It slightly decreases with the atomic numbeZ .

As a result, the IPC rate becomes most signi cant in scenarios where the IC rate is lowest,
namely in the region of low atomic numbeZ and high transition energies.

The angular correlation of the emitted positron-electron pairs provides a method of
distinguishing between the di erent types and multipole order of the transition under
study [11].

As previously noted, the estimates by Rose [6], based on the Born approximation, are
su ciently accurate for the reactions of interest in this thesis, given the low atomic
number Z and the high transition energyE of the involved excited states.



Additionally, while more precise calculations are available, they still fail to explain the
observed anomaly at 17 MeV=c.

Consideringe pairs traveling in the solid anglesd andd ., respectively, and the

positron energy included in the rangeW. ; W. + dW,], the ratio of the number of

produced pairs per second to the number of emitted photons per second, is given by

X
pp W.W jh j + Aj .ij%d .d dw, ;

S S+

diL(Wer 3" er 0 )= 355

where~=mge=c¢=1, W ,p, ,' and are the e total energies, momenta,
emission polar coordinates and Dirac spinor wave functions, respectively, anénd A
the scalar and vector potentials, representing the radiation eld.

The distribution of the correlation angle is obtained after the integration over the two
solid anglesW being xed. Namingq = p: + p , the result for the electric multipoles
is:

2 pp 2™’
(L+1) aq (B2 &)?
o

+L £2 2 (E:.E 1+p.p cos )+

E0) = (2L +1) W,W +1 %p+p cos +

3
eg

and for the magnetic multipoles:

+%(L 1p.p (p +pscos)(ps+p cos) cos (1.9)

p:qg (p +pscos)(ps+p cos) (1.10)

By integrating Eq. 1.9 and 1.10 over and W., the IPCCs for electric or magnetic
multipoles are obtained:

Z. ,Z
L= Y ;Wi)sin d dw,
1 0

Rose's calculations are applicable in situations where theradiation in electromagnetic
transitions is emitted isotropically, such as following decay. In these cases, the emission
of e pairs is also isotropic, meaning that the probability of emission does not depend on
the spatial orientation of the triangle formed by the momentg of the emitted particles,
though it will depend on the triangle's size and shape.
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However, when excited nuclear states are produced by bombarding a target with a particle
beam, the resulting radiations are generally not isotropic. The angular correlation of
internally converted pairs under these conditions has been studied by Goldring [12] and
Rose [13], particularly when the excited state is formed during a nuclear reaction involving
a particle beam. The treatment in the case of heavy nuclei has been performed in [14].
For optimal experimental results, the detectors should be positioned in the plane perpen-
dicular to the beam and made sensitive to the same energy range. This setup ensures
little interference between magnetic and electric transitions, and the angular correlation
for each speci c transition can be determined by integrating the relevant expressions
over the appropriate energy interval. However, the interference contribution must be still
considered in a rigorous analysis of experimental results, also at right angles to the beam
[15].

The IPCC, as illustrated in Figure 1.1, decreases as the correlation angle increases for
the lowest multipole orders ofE and M transitions.

Figure 1.1: IPCC for di erent electromagnetic transitions as a function of the correlation
angle . Image produced in [16], using Rose's calculations [6] at the transition energy
E =17 MeV.
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After the theoretical calculations of IPC were developed, experimental searches were
performed and con rmed with great accuracy the expected angular correlation distribution

of e pairs from IPC, both shortly after the theoretical predictions [17{19] and in later
years [20{22]. As a result, IPC angular distributions have become a well-established tool
for studying the multi-polarity of nuclear transitions, exploiting the di erent kinematics

of magnetic and electric transitions at large angles.

The recent measurements at ATOMKI, which detected the X17 anomaly, fall within
this long-standing framework of IPC studies. The following sections will provide an
experimental overview of these measurements and describe their possible theoretical
interpretations.

1.2 The ATOMKI measurements

Because of their low mass numberdBe, “He, and *>C exhibit relatively few excited
states, with most of the rst ones located more than 1®eV above their ground states,
particularly in the case of®Be and “He. Combined with the high Q-values of the reactions
"Li(p, e* €' )®Be, *H(p, e el )*He and 'B(p, e" e )1%C, this creates the ideal conditions for
exploring new patrticles such as X17, as the accessible mass region is signi cantly larger
compared to other nuclei typically used in IPC studies.

The ®Be nuclear excitation spectrum is known with high precision [23]. Th8Be nuclear
states relevant for the X17 anomaly, denoted a&8e* and ®Be*', and their properties are
illustrated in Figure 1.2.

Figure 1.2: Energy level diagram of the relevanfiBe states, together with their spin-
parities JP , isospinsT , excitation energiesE, and decay widths . Asterisks on isospin
assignments indicate states with signi cant isospin mixing [24].
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As previously mentioned, the reactiorfLi(p, e* e )®Be (Eq. 1.1) was studied by Krasz-
nahorkay et al. [1], sending protons with kinetic energy of:025MeV and G441MeV,
to populate the ®Be* and and ®Be*', at 18:15MeV and 1764MeV from the ®Be ground
state, respectively.
The resulting excited states decay promptly, dominantly back tg + Li, but also through
emission and IPC. For example, the radiative decay to the ground state 8Be* has
branching ratio B(®3Be ! ®Be ) 1.4 10 °, while the IPC has branching ratio
B(®Be ! ®Beete) 39 10°%B(®Be ! ®Be ) 55 10 8[25].
By measuring the correlation angle and the invariant massm, of the emitted e
pairs, the ATOMKI measurements showed an excess of counts at about 140 and
me 17 MeV=c?.
As illustrated in Figure 1.3, the excess is maximal on théBe* resonance and disappears
as the proton beam energy is moved o resonance. No such e ect is seerfBe*' IPC
decays.

Figure 1.3: The ATOMKI excess observed at 140 in the reaction of Eq. 1.1. The
solid lines represent the simulated IPC signals, while the data points with error bars
correspond to experimental measurements for di erent proton beam kinetic energiés
scanning through the resonance [1].
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More in detall, in the experiment, proton beams from a MV Van de Graa accelerator,
with a typical current of 1:0pA, were impinged onto targets consisting of Ifg cm 2 thick
LiF, and 700ug cm ? thick LiO , layers evaporated onto 1fim Al backings.

Given the very low energy of the emerging pairs (only a few MeV), accurate mea-
surement of their angular distribution is challenging. In the original setup, depicted in
Figure 1.4 (a), thee pairs were detected using ve E E detector telescopes, combined
with position-sensitive detectors. The E detectors were very thin plastic scintillators,
measuring 38nm 45mm 1 mm, selected for their excellent -ray suppression capabil-
ities, while the much thickerE detectors, measuring 78am 60mm 70mm, were used

to separately determine thee energies.

The E E detector telescopes were positioned perpendicularly to the beam direction
at azimuthal angles of 0, 60, 120, 180, and 270. These angles ensured homogeneous
acceptance of thee pairs as a function of the correlation angle .

The hit positions were determined by multiwire proportional counters (MWPC) [26]
placed in front of the E and E detectors.

The target strip foil was oriented perpendicular to the beam direction, and the telescope
detectors were arranged around the vacuum chamber, which was constructed from a
1mme-thick carbon- ber tube. The use of a thin support for the target and carbon- ber
beam-pipe limits multiple scattering ofe” el pairs, thus avoiding the deterioration of
aperture angle resolution.

A more detailed description of the experimental setup is available in [16].

Subsequently, using an improved accelerator, detection system and data analysis, the
ATOMKI group con rmed the original anomaly in the ®Be* [27] and observed other
similar anomalies in the reactionsH(p, " e! )*He (Eq. 1.2) and 'B(p, e" e! )**C (Eq. 1.3),
with high statistical signi cance at the same invariant mass [2, 3]. ThéBe* anomaly has
been later con rmed also by using a similar experimental setup in a di erent facility [28].
A comparison between the original detection system and the updated one used at ATOMKI
is illustrated in Figure 1.4, while in Figure 1.5 a more detailed scheme of the updated
setup is shown.

The detection ofe pairs in the updated detection system is carried out by 6 telescopes
mounted in a plane orthogonal to the beamline. Each telescope consists of a double-sided
silicon detector (DSSD) with orthogonal strips 3nm wide and Q5mm thick, coupled
with a plastic scintillator with dimensions 82mm 86mm 80mm. The silicon strips
provide the impact point of crossing particles, while the scintillators are used to measure
the e energies. The detection system, however, does not provide 3D reconstruction of
the e tracks nor their identi cation. It is also noted that the angular acceptance of the
apparatus is limited to particles emitted at 90 with respect to the beamline [29].
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Figure 1.4: Comparison between the original and subsequent experimental setups for the
study of the "Li(p, e* el )®Be reaction. The setup when the anomaly was rst detected (a)
employed ve E E telescopes, each equipped with a multiwire proportional chamber
(MWPC) to determine particle positions. In the more recent setup that con rmed the
anomaly (b), six telescopes were used, and the MWPCs were replaced by double-sided

silicon strip detectors (DSSDs) [27].

Figure 1.5: Scheme of the updated detection setup used for the search of the X17 anomaly
at ATOMKI [29].
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Several experimental observations strongly support the hypothesis that the ATOMKI
anomaly is a genuine e ect:

A

The statistical signi cance of the observations consistently exceeds 6 standard
deviations.

The anomaly has been detected ifBe* using two di erent experimental setups: a
5-arm and a 6-arm spectrometer.

It has been observed with di erent position-sensitive detectors, including MWPCs
and DSSDs.

The anomaly has been identi ed in two distinct target nuclei ®Be and “He, appearing
at di erent angles in each case (140 and 115, respectively).

It has been detected across varying proton beam energies.

The anomaly was not observed in calibration atoms, such %0, during the same
data collection period.

It was not observed in events involving asymmetric momentura pairs.

Despite the consistency of these observations, additional experimental data is necessary to
fully understand the nature of this anomaly. Consequently, many experiments worldwide
are either actively searching for this particle in di erent channels or planning to do so.
Some experiments have already placed constraints on the coupling of this hypothetical
particle with ordinary matter, while others, still in the R&D phase, are expected to o er
additional understanding in the future.

Among them, the study of the neutron-induced reactioriHe(n, € e! )*He is thought to

be complementary to the one of Eq. 1.2 and will be performed at the TOF facility at
CERN. A detailed description of the proposed experimental setup is found in Chapter 3.

1.3 Theoretical interpretations

Assuming that the observed anomalies are not due to underestimated experimental
uncertainties (which still need to be ruled out through di erent and independent measure-
ments), many theoretical e orts have been made to interpret the observed signals. While
no single explanation has been de nitively established, the anomalies could potentially
be attributed to unaccounted e ects within the Standard Model [30{33] and/or nuclear
physics [34{36], or they might indicate physics Beyond the Standard Model.

In the latter case, several scenarios have been proposed, interpreting the anomalies within
the framework of a light and weakly coupled dark sector, possibly connected to Dark
Matter physics. With the current experimental data, only a few theoretical interpretations
can be entirely ruled out, highlighting the need for further investigations.
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As already anticipated, one possible explanation is the existence of a light boson with
a mass of 1MeV=c?, referred to as the X17 boson. The observed excesses in the three
reactions described in Eq. 1.1, Eq. 1.2, Eqg. 1.3, are resonant bumps at the same
invariant mass, within experimental errors.

Additionally, the e opening angles in the anomalous peaks vary consistently with the
kinematics of a 17 Me\c? boson decaying into a lepton pair [37].

For these reasons, one of the earliest explanations for the observed anomalies has been
proposed as the e ect of the creation of a on-shell = 1" Gauge boson and its subsequent
decay intoe pairs [1, 24, 25]. Based on results from the NA48/2 experiment, which did
not observe dark photonA° production through the °! A%+ decay followed by the
prompt A°! e*e decay [38], it is required that the X17 boson couples more strongly
with neutrons than with protons, exhibiting a so-called \protophobic" behaviour. It was
also noted that the existence of a vector X17 boson could resolve the discrepancy between
experimental data and the Standard Model predictions regarding the magnetic moment
of the electron and muon [39].

Another interpretation of the experimental results suggests the existence of a pseudoscalar
(J =0 ) particle. In the ®Be case, this predicts that the branching ratio for the 16 MeV
transition would be ten times smaller than for the 18 5MeV one, in good agreement
with the observations [40].

Subsequent studies have explored di erent extensions of the Standard Model, including a
two-Higgs-doublet model [41{43].

However, as previously mentioned, due to the limited experimental information, it is
not possible to de nitively establish the cause of the observed anomalies. At present,
considering all measurements, it is not possible to establish the quantum numbers of the
X17 boson, the intensity of the coupling constant, and its peculiarities.

Figure 1.6 shows the ATOMKI result for ®Be (blue line) in the (my; <) parameter
space, which denote the hypothetical X17 mass and its coupling constant to the electron,
respectively. The result is consistent with the regions of the parameter space excluded
by other experiments (in gray). The coloured contours depict the sensitivity of di erent
experiments to detecting dark photons, without any assumption of \protophobicity",
which can set more stringent constraints.
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Figure 1.6: The ®Be signal region (blue line) in the (y; o) parameter space. The
excluded parameter space assuming a protophobic coupling is also shown (gray area).
The coloured areas show the sensitivity for the dark photon search of several experiments

[25].
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Chapter 2
The n _TOF facility

The neutron Time Of Flight facility, n _TOF, became operational at CERN in 2001, based
on an idea by C. Rubbia [44]. Since then, it has become one of the most important
facilities for measuring cross-sections of neutron-induced reactions.

Nuclear data, particularly neutron-induced reaction cross sections, are relevant across
a broad spectrum of research elds. They are essential for the safety and criticality
assessment of nuclear technologies, not only for current power reactors but also radiation
dosimetry, medical applications, nuclear waste transmutation, accelerator-driven systems
(ADS), fuel cycle studies, and the development of future reactor systems, such as those in
Generation |V or fusion reactors.

Moreover, nuclear data are necessary for research areas like nuclear level density studies
and stellar nucleosynthesis. The simulations and calculations used in nuclear technology
applications heavily depend on evaluated nuclear data libraries. These libraries are derived
from both experimental data and theoretical models. Experimental nuclear reaction data
are globally compiled by the Nuclear Reaction Data Centres (NRDC) network in the
EXFOR database, which serves as a critical link between nuclear data measurements and
the evaluated data libraries. Throughout the years of its scienti ¢ program, mMOF has
contributed signi cantly to produce unique data used and integrated in modern nuclear
data libraries [45{47].

2.1 The Time Of Flight concept

The neutron energies of interest range from thermal (2BeV) to hundreds of MeV,
depending on their application. In this energy range, neutron cross-sections exhibit
resonant structures that vary signi cantly from isotope to isotope and cannot be predicted,
thus requiring high energy resolution to distinguish these structures.
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A useful method for this purpose is the time-of- ight (TOF) technique, where a pulsed
beam of neutrons, distributed over a wide energy range, travels a speci c distance
before reaching the sample under study. In this way, the kinetic energy of the neutrons
is determined by their arrival time t at the measurement station. Given the velocity
v = L=t, the kinetic energy can be expressed as:

En=E mc®= g P22+ m2ct mc®= mc?( 1) (2.1)

where = (1 v?=¢) 2 is the Lorentz factor. The rst term of the series expansion
provides the classical expression for kinetic energy, valid in the non-relativistic regime:

E,= %mv2 (2.2)

Regarding the energy resolution, it can be evaluated as:
S

2 2
= (+) V= (+D o o+ 23)

En
En

The ability to resolve resonant structures in cross-sections is thus favored by the use of
long ight paths (large L and t) and by producing neutrons in the shortest possible time

( t) and space ( L) intervals.

Several facilities worldwide currently use this technique to measure neutron-induced
reaction cross-sections, with di erent neutron production methods and ight paths
ranging from one to 400 meters. Among these, the TOF facility stands out, particularly

for its high instantaneous neutron ux, wide energy range and excellent energy resolution.
The facility began its rst operational phase between 2001 and 2004. After a four-year
shutdown for an upgrade of the neutron production target, operations resumed in 2008.
A shutdown between 2012 and 2014 allowed for the construction of a second 20-meter
ight path (EAR2), complementing the original 185-meter path (EAR1). In 2021, an
additional experimental station was added (NEAR), along with further upgrades to the
neutron production target.

Figure 2.1 depicts the relation between the neutron kinetic energy and its time-of- ight
for the beamlines EAR1 and EAR2, using Eq. 2.1.
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Figure 2.1: Relation between incident neutron kinetic energy and its corresponding
time-of- ight for the beamlines EAR1 and EAR2 at the n TOF facility.

2.2 Neutron beam

The n_TOF facility is part of the xed-target experimental program of the CERN
accelerator complex, as shown in Figure 2.2. The LINAC supplies the PS-Booster, which
provides the PS (Proton Synchrotron) with protons of 1.4 GeV/c, nally accelerated up
to 20 GeV/c. This beam is extracted and sent to the neutron production site of MOF

in bunches of 7 10 protons.

Neutron facilities such as nTOF require a stable and su ciently intense neutron source

to conduct the desired experiments. In the context of nuclear physics experiments,
several methods and physical phenomena have been employed to generate neutron beams.
However, the practical requirements for increasingly intense neutron uxes, particularly
for scattering experiments, limit the available options for neutron sources and require
increasingly advanced technological e orts. The TOF facility generates its neutron
beam through the spallation process, where protons from the PS are impinged onto a
lead target. The following subsections detail the physical process and provide technical
information on the spallation target used at nTOF. Its careful design, coupled with the
TOF technique, is what establishes MOF as a top-tier neutron facility, thanks to the
aforementioned neutron beam characteristics.
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Figure 2.2: Diagram of the nTOF EARL1 facility along with the neutron production site
and the CERN accelerator complex [45].

2.2.1 The spallation process

If nuclei are created with excitation energy greater than the neutron binding energy,
they can decay by emitting a neutron; however, these highly excited states are not
produced as a result of any convenient radioactive decay process (i.e. with su ciently
long half-lives). For this reason, isotopic neutron sources do not exist, unlike, for example,
the production of rays, which can be obtained using various nuclei that undergodecay.
The choice of radioisotopes as neutron sources is therefore very limited and is based
either on spontaneous ssion or on nuclear reactions in which the incident particle is the
product of a conventional decay process [48]. Sinceparticles are the only low-Z charged
particles available from processes involving radioisotopes, reactions that instead need
incident protons, deuterons, etc. to produce neutrons must rely on arti cially accelerated
particles.

The reaction exploited at the nTOF facility, spallation, also uses accelerated charged
particles. It is a nuclear reaction that occurs when high-energy particles bombard the
nuclei of heavy atoms. The process occurs only above a certain threshold energy of the
incident particle, typically on the order of hundreds of MeV [49]. The reaction, involving
the temporary incorporation of the incident particle by the target nucleus, is a sequential
process. Initially, there is an intranuclear cascade within the excited target nucleus,
followed by an internuclear cascade when high-energy particles, including neutrons, are
expelled and absorbed by other nuclei; nally, the various target nuclei de-excite following
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the emission (known as \evaporation") of several lower-energy neutrons and various types
of nucleons, photons, and neutrinos. A schematic of the process is shown in Figure 2.3.

Figure 2.3: Schematic of a spallation process, where a high-energy proton interacts with
a heavy nucleus. A large number of neutrons are evaporated with energies of several
MeV in a single process involving multiple nuclei [49].

In particular, numerous energetic photons are emitted in spallation processes, mostly
originating from the decay of the produced pion decays. These photons constitute the
so-called - ash: they reach the detectors at the speed of light before any other particles
originating from the spallation target, thus saturating the signal produced by the detection
system and obscuring the acquisition of other particles until standard operating conditions
are restored. In general, at fTOF the de-excitation of nuclei in the lead target and
neutron capture in the lead and moderation layer produce both fast and delayed ashes,
resulting in a - ash that can last up to several hundredns. While - ash events cause a
so-called \dead time" before particle detection, this characteristic also provides a method
for time calibration of the detectors used.

In the spallation reaction, many neutrons are produced per incident particle: the actual
yield depends on the target material, geometry and the energy of the incident particle.

2.2.2 The spallation target

At n _TOF, an average of 350 neutrons are produced per incident proton. Every 1.2
seconds, a high-intensity neutron pulse is produced from spallation reactions induced
by pulses of 7 102 protons, with momentum of 20GeV=c, on a lead target. The time
width of each pulse is 7 ns (rms), allowing for excellent energy resolution of the produced
neutron beam even for the highest neutron energies.
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Until 2021, the target weighed 13t, was 40cm long, and had a diameter of 68m. A 1cm
layer of water cooled the target and, together with an additional ém layer of borated
water (H,O + 1.28% H;BO3, mass fraction), moderated the neutrons to the desired
energy spectrum, down to thermal energy. These two separated layers represented the
main innovation compared to the rst con guration used from 2001 to 2004.

The previous con guration, in fact, used a single 5.7 cm layer that served both as a
coolant and a neutron moderator. However, the spallation target had to be replaced due
to corrosion caused by insu cient cooling. With the con guration in place from 2008 to
2021, on the other hand, the moderation role was mainly performed by borated water,
which also helps minimize neutron capture by hydrogen, thus reducing the production of
2.2 MeV -rays. These -rays are responsible for signi cant background in cross-section
measurements for neutron capture in the keV energy range [50]. A model of this spallation
target can be seen Figure 2.4.

Figure 2.4: The cross-section of the_OF lead spallation target present until 2021 [45].
The separation of the cooling layer (water) from the moderator layer (borated water) is
achieved by a thin aluminum window.

In April 2021, the spallation target was replaced again due to its prolonged use [51]. As
a third-generation target, six separate U-shaped lead blocks were chosen, with a total
weight of 1.5 tonnes. The new design provides several logistical advantages: rst of all,
it allows the cooling of the lead target, overheated by the proton beam, with gaseous
nitrogen at room temperature instead of water, thus preventing circuit deterioration by

completely eliminating the erosion and corrosion mechanisms caused by direct contact
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between water and lead. Additionally, the new target allows the containment of an
additional moderator tank lled with demineralized water at the top, along the EAR2
neutron detection direction. This arrangement improves the energy resolution of neutron
TOF measurements along the vertical direction. Finally, the new con guration improves
the physical performance of the facility [52]. In the latest intervention, a new shielding
around the target was also installed to provide access to the target area for inspections
and technical operations, as well as to allow the installation of a new experimental test
station (NEAR) much closer to the spallation target than the two previously existing
ones (EAR1 and EAR2): this proximity signi cantly increases the measurable number of
neutrons per proton pulse. The new spallation target is shown in Figure 2.5.

Figure 2.5: Exploded view (3D model) of the new third-generation spallation target
installed in April 2021 at the n_.TOF facility [53]. On the left, the support structure is
shown, and on the right, the entire target is depicted.

2.3 Experimental halls

The n_TOF facility is currently equipped with three beamlines and experimental stations:
EAR1, EAR2 (shown in Figure 2.6), and NEAR. Each of these halls is optimized for
speci ¢ types of measurements and detection systems. EAR1 and EAR2 use the TOF
technique, while NEAR is best suited for activation measurements and radiation-damage
studies.
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Figure 2.6: Scheme of the TOF facility as before 2021, with the two beamlines and
experimental halls (EAR1 and EAR?2) that use the TOF technique [54].

In the TOF beamlines (EAR1 and EAR2), charged particles are removed from the beam
using \sweeping magnets”, while collimators and additional shielding elements de ne the
beam aperture. The nal beam diameter in both areas is set by a shaping collimator
located just before the experimental area. Two beam aperture options are available for
each area, and the beam optical elements ensure a well-de ned and sharp spatial pro le
of the neutron beams, optimizing for low background conditions. A schematic of the
beamline, in the case of EARL, is shown in Figure 2.7.

To study the experiments of interest at nTOF, a variety of detection systems are available

for analyzing di erent reaction types. Solid and liquid scintillators are mainly used for
detecting rays following (n; ) reactions, while gaseous and solid-state detectors are
employed to measure (rcharged particle$ reactions. Fission reactions are monitored
using gaseous detectors.

The use of well-characterized detector con gurations and well-known reference reactions
also enables real-time monitoring of neutron beams, allowing for on-the- y calibration
and correction of data, and enhancing the overall quality of data analysis.

In general, characterizing the neutron ux in the experimental areas is a challenging
task, as it requires covering a range of neutron energies spanning over eleven orders of
magnitude. To achieve the highest possible accuracy, it is essential to adopt di erent
experimental setups and reference reactions [55]. In Table 2.1 some of the detectors used
at n_TOF for this purpose are listed.

26



Detector Purpose Reactions

Micromegas ux, spectrum 25U(n; ), 1°B(n; )

PPAC ux, beam pro le 235U(n; f)

Silicon monitor ux, spectrum 6Li(n; 1)

PTB ssion chamber ux, spectrum 235U(n; f)

CeDs energy resolution °’Au(n; ), "Ir(n; ), 2*°U(n; ),
tRe(n; ), "Si(n; ), "Se(n )

Timepix beam pro le n-p elastic scattering

Table 2.1: Adopted experimental setups, purposes and exploited reactions for the com-
missioning of the latest phase of the MOF facility [55].

The integration of these detection systems, along with an acquisition system based on
fADCs and the excellent properties of the neutron beams produced atTTOF, enables
the precise measurement of a large number of cross sections and contributes signi cantly
to technical advancements in this eld of research.

A brief description of each experimental hall, together with its main strengths, is provided
in the next subsections.

23.1 EAR1

The EAR1 experimental area is located 182 m from the spallation target and is 79 m
long. The neutron beamline is inclined by 1Orelative to the proton beam, in order to
reduce the typical - ash that a ects the neutron production by spallation.

The EAR1 area is designed for high-resolution measurements, particularly in the resonance
regions, and to extend the measurement of neutron-induced reaction cross sections at
high neutron energies (up to GeV).

Figure 2.7: Schematic of the neutron beamline of MOF in the EAR1 area, from the
spallation target to the beam dump (distances are in meters) [45].
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2.3.2 EAR2

The EAR2 experimental area is located at the end of the beamline that extends vertically
for 20 meters from the top of the target, as shown in Figure 2.8.

Figure 2.8: Schematic of the vertical neutron beamline of MOF in the EAR2 area, from
the spallation target to the beam dump [56].

It was designed starting in 2012 and constructed because, compared to the rst area,
EARL1, it o ers several advantages in speci c research elds:

A

The neutron ux is signi cantly higher (30 times);

Neutron-induced reaction measurements can be performed on small samples, leading
to reduced activity in unstable samples and cost savings when purchasing rare
samples;

Measurements can be conducted on isotopes with very small cross-sections;

The entire neutron energy range is measured in a shorter time interval (10 times).
Consequently, for measurements on radioactive nuclei, fewer background detector
signals are due to radioactivity. Combined with the higher neutron ux, this leads

to a signal-to-noise ratio 300 times higher than EAR1 [46];

Measurements of neutron-induced reaction cross-sections at high energies
(&10MeV), which are challenging to perform in EAR1, become feasible due to the
attenuation of the - ash.
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Regarding the last point in particular, some of the fast - ash signals are not visible
because that they are not caused by the de-excitation of nuclei in the spallation target, but
by the decay of fast particles in ight that follow the horizontal beamline, thus excluded
from the EAR2 beamline. These fast - ashes primarily originate from the decay of
neutral pions ( °), generated by nucleon-nucleon collisions in intranuclear cascades [57].
Since the momentum of neutral pions is mostly directed along the proton beam in the
laboratory frame of reference, the same applies to therays: they can therefore follow
the horizontal beamline towards EAR1, but very few can reach EAR2.

Recently, the EAR2 area has also been used to study neutron imaging, a technique
similar to X-ray radiography but di ering in its ability to highlight the structures of light
materials due to the unique interactions between neutrons and matter [58].

The energy distributions of the total neutron ux are illustrated in Figure 2.9 for both
EAR1 and EAR2. The neutron ux exhibits a Gaussian beam pro le with a nominal full
width at half maximum (FWHM) of 18 mm in EAR1 and 21 mm in EAR2 when using
the small collimator typically employed for capture measurements [46].

Figure 2.9: Neutron \ ux", i.e. counts per proton bunch (7 102 protons) on spallation
target, as a function of the neutron energy, measured in EAR1 and EAR2 before 2021.
The signi cant reduction of the thermal peak in EAR1 is due to the'°B-loaded moderator
[50, 59].
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Some di erences in the characteristics of the neutron beam measured in the two experi-
mental areas are summarized in Table 2.2.

EAR1 EAR2
Neutron ux [n =(cm? bunch)] 2 10 5 1¢°
Energy spectrum meV{1GeV meV{0lGeV
Energy resolution E=E at 1eV 10 4 10 3

Table 2.2: Characteristics of the nTOF neutron beam in the two experimental areas
EAR1 and EAR2. The beam repetition rate is the same as that of the incident proton
beam, with a minimum of 12 s, to avoid overlap in TOF measurements [58].

The 2021 upgrade of the spallation source has signi cantly imrpoved the neutron beam
quality at EAR2 in terms of ux, energy resolution, and beam pro le. In particular, the
instantaneous neutron ux increased by 45% in the epithermal region and evaporation
peak, and by 25% at the thermal peak [60].

2.3.3 NEAR

The most recent experimental area, NEAR, became operational in July 2021 and is
depicted in Figure 2.10. This area consists of two sub-areas: the irradiation station
(i-NEAR), located adjacent to the spallation target, and the activation station (a-NEAR),
positioned just outside the shielding, approximately 3 m from the target [61]. By placing
the experimental setup so close to the spallation target, an extremely high neutron ux
is achieved, allowing measurements on very small samples and extremely short-lived
radioactive isotopes. The neutron beam from the spallation target reaches NEAR through
a simple hole in the shielding wall, with the aid of a suitable mobile collimation/moderation
system [62]. Due to the proximity to the target, a signi cant ux of rays and charged
particles is also present.

This new station allows for the collection of previously scarce or novel data on radiation
damage in a neutron-dominated environment, thus enabling an increase in the lifespan of
instruments used in high-radiation areas, reducing the risk of failure during operations
with accelerators and other similar facilities [63].
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Figure 2.10: Scheme of the newly built NEAR experimental station [55].

Characterizing the neutron beam and experimental conditions at NEAR presents signi -
cant challenges. The TOF technique is less e ective due to the short distance from the
collimator and the wide energy spectrum. Moreover, the harsh radiation environment
complicates the use of standard online detectors and electronics for spectrum measure-
ments. To address these issues, a set of o ine strategies were implemented to measure
the neutron ux at the exit of the NEAR collimator. These strategies include activation
techniques, such as Multi-foil Activation Measurements, which probe the full spectrum of
interest by using di erent materials, or a single material combined with a moderating
device.

First results indicate that the number of neutrons at the target position in NEAR has
increased on average by a factor of 100 compared to the EAR2 beamline, and by a
factor of 4000 compared to that of EAR1 [64]. Since NEAR can operate in parallel
with EAR1 and EAR2, it can contribute to a substantial improvement in experimental
opportunities and enable the study of neutron-induced reactions that were previously not
accessible.
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Chapter 3
The X17 search at n _TOF

To validate or provide an alternative explanation for the ATOMKI claim, it is important

to conduct independent measurements by di erent research groups using di erent method-
ologies. New experiments should aim to provide more precise data on the properties of
the X17 particle, including its coupling to ordinary matter and quantum numbers] .
This can be achieved by measuring the charge and four-momenta of electron-positron
pairs, performing measurements across a wide energy range, and designing a detection
apparatus with large acceptance [29].

For this reason, a new investigation of théH(p, e* el )*He process has been proposed,
by studying the conjugate reaction®He(n, € e!)*He using the vertical neutron beam

of EAR2 at the n_TOF facility. This chapter outlines the theoretical motivations for
studying this reaction, the detector requirements, and a demonstrator prototype of the
designed detection system, tested at MOF in 2023. The analysis of the data from this
test is presented in Chapter 4.

3.1 Theoretical motivations

The study of the *He(n, € e )*He reaction at n.TOF is based on theoretical considerations
on the nature of the X17 anomaly, guiding the de nition and design of the experiment.
A diagram showing the energy levels dHe relevant to this study is presented in Figure 3.1.
The spin-parity states of interest, in order of increasing excitation energy, aré 00 , 2 ,
and 1 .
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Figure 3.1: The low-energy spectrum dfHe. The dashed lines represent the thresholds for
the opening of the 1+3 nucleon and 2+2 nucleon channels, while the solid lines indicate
the energies of various resonances, with their correspondifg, isospin assignments and
widths shown on the right [65, 66].

In particular, low-energy e pair production in A = 4 nucleon systems was studied, both

as a purely electromagnetic process and by including the contribution of a hypothetical
low-mass boson [66]. The calculations were calibrated on the ATOMKI ndings, that
detected only pairs lying in the plane orthogonal to the beamline ¢ = 90 ). Di erential
cross sections were calculated for di erent energies of the incident particle for pairs
emitted at , =90 . Figure 3.2 shows the results of theoretical calculations for di erent
incident nucleon energies as a function of the correlation angle .

With standard model assumptions (i.e. no excess counts) and the existence of a Scalar
(S), Pseudoscalar (P), Vector (V) and Axial (A) boson, a structure in the di erential
cross section can be observed. These excess counts depend on incident proton energy
di erently in the 4 cases considered (S, P, V, A), thus providing precise indications of the
boson's quantum numbers.
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Figure 3.2: Di erential cross sections for the'He(n, € e!)*He and *H(p, e" e')*He pro-
cesses aty =90 and six di erent incident nucleon energies as a function of the correlation
angle . The panels labeled S, P, V, and A show the results obtained by assuming a
scalar, pseudoscalar, vector, and axial X17, respectively. The dashed (black) and solid
(red) curves represent the theoretical results obtained by including the electromagnetic
interaction only or both the electromagnetic and X17 amplitudes. The coupling constants
have been adjusted to reproduce the ATOMKPH(p, e* el )*He cross section data at
Ep = 0:90MeV (blue dots) [66].

Although the excess ok pairs as a function of energy depends on the quantum numbers
of the X17 particle, an experimental setup that detects only particles orthogonal to the
beam axis may limit the ability to distinguish between di erent quantum numbers, and
therefore hinder the unique identi cation of X17 properties. This limitation is evident in
Figure 3.2, where the predicted trends of the excess are similar for both the pseudoscalar
and axial cases.

To overcome this limitation, it is essential to detect pairs emitted at a wider range of
angles . In fact, employing a detector with a large angular acceptance could make the
discrimination between di erent quantum number con gurations possible.
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As shown in Figure 3.3, where the cross section at xed energig{ = 0:9MeV) was
calculated assuming the detection of pairs at di erent angles { = 60 ;70;80), the
angular distribution of e pairs exhibits an evident dependence on the X17 quantum
numbers. In this gure, the rst quadrant reproduces the ATOMKI conditions, where

k =90 , and the theoretical curves for scalar, pseudoscalar, vector, and axial X17 bosons
are normalized to the data in this con guration.

Figure 3.3: Di erential cross sections for the'H(p, e* et )*He processes aE, = 0:90MeV
and di erent emission angle = %= | with respect to the beamline, as a function of
the di erence in azimuthal coordinate = 0 of the positron and electron. The
curves labeled S, P, V, and A show the results obtained by including the exchange of a
scalar, pseudoscalar, vector, and axial X17, respectively. The coupling constants have
been adjusted to reproduce the ATOMKI data at x = 90 (orange dots) [66].
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The results indicate that by detecting pairs emitted at di erent angles, the momentum
and parity of X17 can be more precisely identi ed, as the angular distribution of the pair
strongly varies depending on the nature of the X17 boson. This broader angular detection
can thus resolve the ambiguity observed in Figure 3.2, and provide clearer evidence of
the X17's properties.

In conclusion, a systematic experimental study as function of both the opening angle and
electron energy is needed to scan thé 00 , 2 , and 1 excited levels of*He (shown in
Figure 3.1).

For this reason, the use of a wide range of incident nucleon energies and large detection
acceptance is essential. Additionally, a dedicated detector to measure the pair's four-
momenta and provide particle identi cation would enhance the quality of the experimental
data.

In addition to the detector requirements mentioned so far, considerations on the expected
signal, assessment of the background sources and their relevance must be done. Table 3.1
shows the relevant neutron beam parameters and count rates for photores, pairs
generated from IPC and from the decay of an X17, assuming protophobic coupling [24,
25] and using the ab-initio calculation described in [66], for a 17 MeV vector boson.

The calculations were performed considering a target He 2cm long and 24cm in
diameter (for a total volume of 5cm?®) at pressureP = 380 bar and temperatureT = 300K.
Daily counts are estimated by considering an average proton pulse every 5 s.

Assuming removal of the water moderator on the top of the spallation target (depicted in
Figure 2.5), an increase in the number of neutrons in thigleV region can be obtained,
which is of greater interest in the study of the®He(n, € e! )*He reaction.

Neutron Energy TOF ( s) n/pulse /pulse IPC/day X17/day

1{10 eV 411{1300 D 10  2(1) 5569(17) 1(0)
10 { 100 eV 130{411 B 106  2(1) 61(18) 2(0)
0.1 {1 keV 41{130 37 106  2Q) 69(21) 2(1)
1{10 keV 13{41 58 100  3(1) 83(33) 2(1)
10 { 100 keV 4{13 28 106  5(7) 148(208) 4(5)
0.1 {1 MeV 1.3{4 15 100 36(93) 1154(3003)  29(75)
1 {10 MeV 041{13 78 10° 26(44) 831(1412)  21(35)

Total 2.7 107 76(148) 7915(4712) 71(117)

Table 3.1: Relevant parameters for the measurement of the X17 anomaly at EAR2 of
n_TOF. Columns show incident neutron energy, corresponding time of ight, neutrons
per proton pulse, and expected events for (n), (n,IPC), and (n,X17) processes. Values
in parentheses refer to the case without the water moderator.
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The low production cross section for the X17 boson requires a long measurement period:
one month of measurement at TOF under standard conditions corresponds to about
two thousand X17 products. The irreducible background consisting of IPC pairs is about
40 times higher than the signal. However, at large relative angle, this background reduces
considerably.

In contrast, the background due to the reactiorHe(n; )*He is quite relevant, with a
branching ratio of B(=X 17) 2 10* While this background is easily distinguishable
from the X17 events (single electromagnetic shower of about 2V, instead of ae pair

at large angles), a detection system with low radiation length is preferable.

3.2 Detectors of interest

The investigation of “He de-excitation via the *He(n, € el )*He process at the vertical
EAR2 beamline of nTOF could either con rm or rule out the existence of the X17
particle, and, if con rmed, provide the opportunity for a detailed study of its properties.
Achieving these goals requires an experimental setup that meets the stringent energy
range and detector performance requirements described earlier. This section outlines the
design and implementation of the detection systems optimized for this study.

3.2.1 Scintillation Detectors

Scintillation detectors are among the most widely used detection instruments today. The
physical process they exploit is related to the fact that certain materials, when struck by
a nuclear particle or radiation, emit a small ash of light, known as scintillation. When
coupled with amplifying devices such as photomultiplier tubes, these scintillations can be
converted into electrical pulses that can then be electronically analyzed and counted to
provide information about the incident radiation [67].

The general structure of a scintillation detector consists of a scintillating material con-
nected to a photomultiplier (PM) either directly or via a light guide. When radiation
passes through the scintillator, its atoms and molecules are excited and emit light as
they return to their ground state. This light is directed to the photomultiplier, where,
via the photoelectric e ect, it is converted into a weak photoelectron current, which is
then ampli ed by an electron multiplier. The resulting current is then analyzed by an
electronic system.

Some characteristics that make the scintillator signal ideal for particle and radiation
detection are:

" Energy sensitivity: Above a certain energy threshold, most scintillators provide
a light emission signal directly proportional to the excitation energy. Since the
photomultiplier is also a linear device, the amplitude of the nal electrical signal
will also be proportional to this energy;
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" Fast response time: The signal response and recovery of standard detection condi-
tions occur in very short times in a scintillator. This fast response enables precise
timing measurements, such as the time di erence between two events, and enables
high counting rates since the dead time, i.e. the time lost waiting for the scintillator
to return to its initial state, is reduced;

Pulse Shape Discrimination (PSD) capability: a technique by which it is possible to
distinguish di erent types of particles by analyzing the shape of the emitted light
pulses. This is due to the di erent uorescence mechanisms triggered by particles
with varying ionizing powers. PSD is achievable only with certain scintillators.

The property by which scintillating materials, when exposed to certain types of radiation,
absorb it and re-emit it as visible light is known as luminescence. If the re-emission
occurs within 10 8s, the order of magnitude of atomic transitions, the process is called
uorescence. However, if the re-emission is delayed, as the excited state is metastable,
the process is called phosphorescence, and depending on the material, the re-emission
can occur from a few microseconds to hours.

The evolution of the re-emission process can be described by a two-component exponential,

N = Aexp t + B exp i3 (3.1)
f

n

where ¢ and ¢ are the decay constants.

For most scintillators, one component is generally much faster than the other, and they
are thus referred to as the fast component and the slow component. Their relative
amplitudes A and B vary depending on the material, but usually, the fast component is
dominant. These two components are the basis of Pulse Shape Discrimination previously
mentioned.

Among the various scintillating materials, those that can serve as excellent detectors
typically exhibit the following properties:

" High e ciency in converting excitation energy into uorescent radiation;

~ Transparency to their own uorescent radiation to allow light transmission through
the medium;

" Emission within an energy range consistent with the spectral response of the
photomultipliers with which it would be coupled;

~ A short decay constant, corresponding to a faster response.
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Plastic Scintillators

Scintillators are categorized based on the materials used: examples include organic
scintillators (crystals and liquids), plastics, inorganic crystals, etc.

Organic scintillators are aromatic hydrocarbon compounds containing linked or condensed
benzene ring structures. Their strength lies in their very rapid decay time, on the order
of a few nanoseconds or less. In these compounds, scintillation light originates from
transitions undergone by the free valence electrons of the molecules. These delocalized
electrons are not associated with any speci c atom in the molecule and occupy the
so-called molecular orbitals. A typical energy diagram of these orbitals is depicted in
Figure 3.4.

Figure 3.4: Typical energy level diagram of a molecule in an organic scintillator. The
singlet states S on the left are separated from the triplet states T on the right [67].

The ground state is a singlet stateS,. Above this are the excited singlet states ;S ;::),

the lowest energy triplet state {p), and its excited levels T ;T ;::). Each level is also
associated with a ne structure due to the molecule's vibrational modes. The energy
gap between electronic levels is on the order of a f@V, while that between vibrational
levels does not exceed a few tenths of an eV.

The ionization energy from penetrating radiation excites both the electron and the
vibrational levels (in Figure 3.4, the process is represented by the solid arrows). Excitations
of the singlet states typically decay immediately ( 10ps) to the S state without radiation
emission (dashed lines in Figure 3.4) through a process known as internal degradation.
From S , there is a high probability of undergoing radiative decay to one of the vibrational
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states ofSy (wavy lines in Figure 3.4) within a few nanoseconds: this is the previously
mentioned uorescence process, described by the rapid exponential component in Eq. 3.1.
The fact that S decays into excited vibrational states 05, also explains the transparency
of scintillators to their own radiation, as the associated radiation emission has lower
energy than that required for theS,! S transition.
For excited triplet states, an internal degradation process, similar to that of singlet states,
occurs to bring the system to the lowest energy triplet state. Although transitions from
To to S are possible, they are highly forbidden by several selection rules. It is more likely
that the T, state decays by interacting with other molecules in the same state, according
to the process

To+ To! Sy + Sp+ phonons

Radiation is nally emitted from the S level as described above, with a characteristic
delay time (on the order ofus) and a lower intensity than that of the singlet state
uorescence.

Organic scintillators are often dissolved in an organic solvent and molded into di erent
shapes, forming plastic scintillators. These detectors have similar scintillation mechanisms
to organic scintillators, but the interaction of the incident particle typically excites the
polymer rather than the individual scintillating molecules. In plastic scintillators, the
energy deposited by ionizing radiation is transferred from the polymer molecules to a
solute, which subsequently emits uorescence in the visible spectrum. Therefore, the
polymer matrix must be transparent to the solute's uorescence emission and capable of
e cient energy transfer. This transfer e ciency is a critical parameter in the performance

of plastic scintillators, and the choice of solute is essential to optimize this property.
Plastic scintillators are widely used in applications requiring large-volume detectors due
to their ease of fabrication into complex shapes and sizes. They are also chosen for
their fast response time, low cost, and exibility in tailoring their chemical compaosition

to optimize for speci ¢ applications. Their main disadvantage, compared to inorganic
scintillators, is their lower density and atomic number, which result in reduced detection

e ciency for high-energy photons and charged particles. Despite this, plastic scintillators
are often the preferred choice in many applications, especially where cost, speed, and
exibility are critical considerations.

3.2.2 SiPM

The Silicon Photomultiplier (SiPM) is a sensor designed to detect, quantify, and measure
the timing of low-light signals down to the single-photon level. Traditionally, this role
has been performed by photomultiplier tubes (PMTs), but SiPMs o er a solid-state
alternative that combines the low-light detection capabilities of PMTs with the advantages
of a solid-state sensor.

SiPMs exhibit characteristics such as low-voltage operation, insensitivity to magnetic
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elds, mechanical robustness, and excellent uniformity of response [68]. These advantages
have led to an increasingly widespread use of these sensors in elds such as medical
imaging, risk and hazard detection, biophotonics and high-energy physics.

Silicon is an excellent candidate as a photosensor material because it absorbs a wide
range of light wavelengths within a thickness of just a few tens @im.

A photodiode is formed by a p-n junction of silicon, which creates a depletion region
free of free-charge carriers. When a photon is absorbed in the silicon, it creates an
electron-hole pair. By applying a reverse bias voltage, an electric eld is created across
the depletion region, which accelerates the charge carriers toward the anode (holes)
or the cathode (electrons). This movement of charges results in a net current ow in
the reverse-biased photodiode. With su ciently high electric elds ¢ 5 10°V=cm)

in the depletion region (which can be achieved depending on the sensor type and the
application of a recommended voltage), the accelerated charges gain enough kinetic energy
to create secondary electron-hole pairs through a process known as impact ionization.
In this way, a single absorbed photon can trigger a self-sustained ionization cascade
that spreads through the silicon volume subject to the electric eld. The silicon thus
becomes conductive (breakdown phase) and ampli es the original electron-hole pair into
a measurable macroscopic current ow. This process is known as Geiger discharge, and a
photodiode operating under these conditions is called a Single Photon Avalanche Diode
(SPAD) in Geiger mode.

The resulting current must be stopped by passive quenching (using series resistors): this
causes a drop in the reverse bias voltage seen by the diode (quench) below the breakdown
value, thereby halting the avalanche. The diode then recharges to the initial reverse
bias voltage and is once again ready to detect other photons. This cycle is illustrated in
Figure 3.5.

Figure 3.5: Breakdown, quench, and reset cycle of a SPAD sensor in Geiger mode [68].
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In this way, a single SPAD sensor in Geiger mode acts as a switch, triggered by a photon,
and thus operates in \on" or \o " states. This results in a binary output, which means
the signal does not provide information on how many photons were absorbed in a single
detection event; therefore, no information proportional to the instantaneous photon
ux amplitude is available. To compensate for this lack of proportionality, the SiPM
consists of a dense array of small, independent SPAD sensors, each with its own quenching
resistor. A SPAD together with its resistor is called a microcell; a typical SiPM features
between hundreds and several thousand microcells per fjndepending on their size.
Each microcell detects photons independently and identically to the others, so the sum
of the photocurrents from each combines to form a quasi-analog output that provides
information on the instantaneous photon ux.

3.23 The -RWELL

The p-RWELL is an advanced gas detector technology, speci cally classi ed as a Micro-
Pattern Gas Detector (MPGD). Gas detectors detect and measure ionizing radiation by
using a gas- lled chamber. When ionizing particles pass through the gas, they create
electron-ion pairs. These charges are collected by two electrodes with di erent potentials,
generating a measurable electrical signal.

To achieve higher spatial resolution and faster response times, modern gas detectors
have evolved to reduce the distance between the electrodes that collect the charge.
MPGDs use advanced photolithographic technologies to achieve micro-metric distances
between electrodes. The reduced electrode spacing, however, increases the risk of electrical
discharges or sparks, which can potentially damage the detector and a ect its performance.
To solve this problem di erent approaches where adopted. In the case of GEM detectors
[69], for example, the gain is divided into several ampli cation stages, while for the
MicroMegas there is a resistive layer above the readout printed circuit board (PCB) to
guench the discharge.

The micro-Resistive WELL (U-RWELL) shares certain similarities with these other
MPDGs, introducing some innovations in order to improve compactness, simplicity of
construction and assembly while maintaining an optimal time and spatial performance.
In Figure 3.6 a schematic representation of thg-RWELL layout is depicted.

42






	Introduction
	The X17 anomaly
	Electromagnetic transitions in nuclei
	gamma decay
	Internal Conversion
	Internal Pair Creation

	The ATOMKI measurements
	Theoretical interpretations

	The n_TOF facility
	The Time Of Flight concept
	Neutron beam
	The spallation process
	The spallation target

	Experimental halls
	EAR1
	EAR2
	NEAR


	The X17 search at n_TOF
	Theoretical motivations
	Detectors of interest
	Scintillation Detectors
	SiPM
	The micro-RWELL

	Experimental setup
	The 2023 test at n_TOF
	He target
	micro-RWELL tracker
	Scintillator bar array


	First experimental results
	Data structure
	Background and threshold estimation
	Dead time estimation
	Time window estimation
	Hit map reconstruction
	Coincidence rate
	Channel reconstruction
	Bar reconstruction
	Crossed coincidences
	ToA information

	Neutron energy dependence
	Final considerations

	Conclusions
	Bibliography

