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No one believes a theory, except the theorist. Everyone believes an experiment -except the
experimenter.

W. Beveridge

It is impossible to travel faster than light, and certainly not desirable, as one’s hat keeps
blowing off.

W. Allen
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Abstract

One of the most interesting and still unknown topic of the modern Nuclear Physics
is the neutrino’s nature: this particle is the most elusive of the standard model, be-
ing the hardest one to detect because of its neutral charge and very light mass. For
this reason, many experiments of the last decade have been designed to get informa-
tion on the neutrinos masse and their intrinsic nature of Dirac or Majorana particles.
Often these experiments join their efforts together in order to get complementary
results. In this exciting context, the study of the Neutrinoless Double Beta Decay
(NDBD) could shed light on the neutrino’s nature: if neutrino is a Majorana particle,
it is a particle and at the same time its own anti-particle. In this case, the two neu-
trinos produced in the double decay would annihilate, being not visible in the final
state. This discovery could lead to a re-definition of one of the most important law
of the Nuclear and Particle Physics, the conservation of the leptonic number.
Several underground experiments are setting upper limits to the NDBD decay rate,
but the rarity of this decay calls for complementary researches. The Double Charge
Exchange (DCE) reactions are good candidates, since they have many similarities
with the NDBD: experimental measurements of DCE cross-sections could help in
the determination of the Nuclear Matrix elements involved in the NDBD theory.
However, DCE reactions, even if surely more frequent than NDBD, are quite rare
and, when studied by fixed-target experiments, require very intense ion beams.
The NUMEN project fits precisely in this context: using ion beams of tens of µA
impinging on very special targets, the experiment can detect a large variety of DCE
reactions. These targets must satisfy two strong constraints: on one side, they must
be very thin, to fulfil the energy resolution requirements of the experiment, on the
other side, they must be also heat resistant, to avoid the damaging due to the energy
released by the intense beams.
These two main features make the NUMEN targets very innovative: a few hun-
dreds of nanometers of the isotopic material, required to get a DCE reaction, are
deposited on a substrate made of Highly Oriented Pyrolytic Graphite a few microm-
eters thick. Thanks to the high in-plane thermal conductivity of this special graphite,
the heat produced by the beam crossing the target deposition can be quickly trans-
ferred through the substrate to a cooling system. The substrate and the target de-
position have to be accurately characterized in thickness and uniformity, since these
knowledges are crucial in the evaluation of the NUMEN overall energy resolution.
Different analysis techniques can be used in a complementary manner, to get a 360◦

characterization of these very special targets.
The design, the production and the precise characterization of the first prototypes
of these targets, together with the study of their energy resolution features, are the
main topics of this Thesis.
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Chapter 1

Neutrinoless Double Beta Decay
and Double Charge Exchanges

1.1 Neutrinoless Double Beta Decay: searching for the neu-
trino’s nature

Neutrinos are the most elusive particles of the Standard Model. They have no elec-
trical charge, so they are not subject to electromagnetic interaction; moreover, they
are leptons, fact that excludes them from the strong nuclear interaction.
There are three different kinds of neutrinos, strictly related to the leptons of the Stan-
dard Model (e, µ and τ): the electronic neutrino νe, the muonic neutrino νµ and the
tauonic neutrino ντ. [1]
Neutrinos detection is challenging also because of their very light mass. This is
so small that for a moment it seemed (erroneously!) that they could reach speeds
higher than the speed of light1. Today we know that they must have a non-zero mass
to explain another very strange feature, the mass-oscillation, that was predicted by
Bruno Pontecorvo [3] and experimentally verified in 1998 by the experiment Super-
Kamiokande [4]. However, experimental direct mass measurements are far away
to come: actually neutrino’s scientific community is struggling to lower the upper
mass limit.
For all these reasons neutrinos probably are the most fascinating and mysterious
particles, and a large portion of the Particle Physics community is focusing on them.
In the wide research aimed to study neutrinos, undoubdetly Neutrinoless Double
Beta Decay (0νββ, from here shortened in NDBD) plays a crucial role.

1.1.1 The Neutrinoless Double Beta Decay

A Beta (β) decay is a type of radioactive decay where a nucleon changes its charge by
one unity, with the emission of a Beta particle (electron or positron) and an (anti)neutrino.
After a β-decay, the nucleus charge results changed and so also the atomic number,
but the mass number remains unvaried.
There are two possible types of β-decay: in a β+-decay one proton of a nucleus be-
comes a neutron, with the emission of a positron and a neutrino, while in a β−-decay
one neutron of a nucleus becomes a proton, with the emission of an electron and an
anti-neutrino. Formula 1.1 shows a β+-decay, while formula 1.2 shows a β−-decay.

A
Z X →A

Z−1 Y + e+ + νe (1.1)

1See [2]: in an interview for the journal Il Giornale of the 22 September 2011, professor A. Zichichi,
involved in the OPERA experiment, explained the new groundbreaking neutrinos time-of-flight mea-
surements.
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A
Z X →A

Z+1 Y + e− + ν̄e (1.2)

For some isotopes a single β-decay is not possible, being energetically forbidden, but
two simultaneous beta decays are allowed.
A Double Beta Decay (DBD) is a process made of two simultaneous beta decays of
the same type, each giving a (anti) neutrino, resulting in two (anti)neutrinos in the
final state.

A
Z X →A

Z−2 Y + 2e+ + 2νe (1.3)
A
Z X →A

Z+2 Y + 2e− + 2ν̄e (1.4)

This event, represented in the two versions by the formulas 1.3 and 1.4, has been
detected in 11 nuclei with half-lives between 1018 − 1024 years.
The theoretical extension of the Standard Model predicts that also the Neutrino-
less Double Beta Decay is possible: it should consist of two simultaneous β-decays,
whose complessive final state does not show any (anti)neutrinos. The two versions
of NDBD are reported in formula 1.5 and 1.6.

A
Z X →A

Z−2 Y + 2e+ (1.5)
A
Z X →A

Z+2 Y + 2e− (1.6)

First of all, the most evident strangeness in these processes is that the leptonic num-
ber is not conserved. Taking into the account, for example, formula 1.5, we can see
that in the initial state the leptonic number is 0, while in the final state is −2 be-
cause of the presence of the two positrons (and the absence of the two neutrinos,
that would contribute with a +2 resulting in a total leptonic number equal to 0 as in
the initial state).
The only way to make this final state possible is that the two (anti)neutrinos, each
one coming as result of one of the two beta decays, can annihilate. It means that one
of the two (anti)neutrinos acted as a (particle)anti-particle: if confirmed, neutrino
would be particle and anti-particle at the same time, leading to the violation of the
leptonic number conservation law. This feature, so far unseen in any particle of the
Standard Model, would make neutrino a so-called Majorana particle.
The main obstacle in this groundbreaking research is that the final state of the NDBD
is very hard to experimentally detect with certainty. Since neutrinos are very elusive
particles, a failure to detect them can mean that no neutrinos are actually present,
but also that the detector is not sensitive enough.

According to the NDBD theory, the half-life TNDBD
1/2 of this decay can be factorized

in three contributions:

[TNDBD
1/2 ]−1 = GNDBD|MNDBD|2 f (mi, Uei) (1.7)

where GNDBD is the phase-space factor of the decay, MNDBD is the nuclear matrix
element and f (mi, Uei) is the squared modulus of the effective Majorana mass of the
electron neutrino. It can be calculated in the framework of light Majorana neutrino
exchange, using the Pontecorvo-Maki-Nakagawa-Sakata matrix elements, through
the relation:

f (mi, Ue,i) ≡
∣∣∣∣∑

i
miUe,i

∣∣∣∣2 (1.8)
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The most interesting and unknown factor is f (mi, Uei), that contains the neutrino
masses mi and their mixing coefficients Uei. The goal of the NDBD research is to ac-
cess to the neutrinos masses (contained in f (mi, Uei)) through the precise evaluation
of the other three terms present in the equation (TNDBD

1/2 , GNDBD and |MNDBD|2).
These other terms can be, in principle, experimentally and theoretically evaluated.
[TNDBD

1/2 ]−1 and GNDBD are the most approachable ones. The measurements of the
NDBD decay rate can supply the value of the half-life, while the factor GNDBD is
calculated with high precision, taking into account several effects, as distortion of
the final wave function by the Coulomb field of the daughter nucleus, calculation
of the electron wave function with the relativistic quantum number (l − j)(2j + 1),
screening of the atomic electrons and distortion due to the influence of the nuclear
structure [5].
The term |MNDBD| represents the Nuclear Matrix Elements (NME) and can be cal-
culated as:

|MNDBD|2 = | < φ f |O0νββ|φi > |2 (1.9)

where φi represents the initial state wavefunction, φ f is the final state wavefunction
and O0νββ is the NDBD operator. The determination of |MNDBD| nowadays is based
on different theoretical models, as Interacting Shell Model (ISM), Interacting Boson
Model (IBM) [6] or Quasiparticle Random Phase Approximation (QRPA) [7]. This
large abundance of models, however, does not give a unique answer, mostly be-
cause of a lack of experimental constraints.
Despite all the difficulties, if observed, this decay not only would allow a precise
mass measurement, but it also would prove that neutrinos are their own anti-particles,
feature unseen in any other particle of the Standard Model. The Majorana nature of
neutrinos would allow the violation of the conservation of the leptonic number, that
is one of the fundamental laws of Nuclear and Particle Physics so far. It’s clear that
the removal of this milestone would bring to a re-definition of the Standard Model
as we know it, falling in the so-called Physics beyond the Standard Model.

1.1.2 The NDBD experimental research

The difficulty in the neutrino detection and the crucial importance of the NDBD led
many international collaborations of scientists to design a large variety of experi-
ments, most of them based underground to be shielded against all the other particles
from cosmic radiation (less penetrating than neutrinos2). Their experimental appa-
ratuses are based on large containers filled with tons of sensitive material, that acts
like active target where neutrinos are supposed to (sooner or later) interact and give
some signals. These containers are surrounded by wide sets of detectors, ready to
measure these rare neutrinos’ signals.
A typical example of underground experiment aimed to study neutrinos is Super-
Kamiokande, in Japan [8]. Kamiokande first proved the neutrino oscillation: based
underground in the Mozumi Mine, is made of a tank full of 50000 tons of ultrapure
water, ready to be crossed by atmosferic neutrinos. When a neutrino enters in the
tank, interacts with electrons and nuclei of the material. These charged and fast par-
ticles undergo the Cherenkov effect: the light is then measured by a system of 13000
photomultiplier tubes that surround the water tank.
There is also a large portion of the neutrino experiments that is focused on the NDBD

2Since neutrinos do not interact easily with the matter, they do not lose much energy. For this
reason, they are very penetrating particles.
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research. Among many others, this is the case of two of the underground exper-
iments in Gran-Sasso laboratories of Istituto Nazionale di Fisica Nucleare (INFN),
GERDA [9] and CUORE [10].
GERDA is the acronym for GERmanium Detector Array: the heart of the experiment
is a set of ultrapure Germanium detectors, enriched with the isotope 76Ge, that acts
as NDBD "generator" and detector at the same time. To be shielded by cosmic radi-
ations, the Germanium detectors are immersed in a 6m×4m cryostat full of liquid
Argon, further contained in a bigger water cistern. According to the theory, the time
necessary to halve the initial amount of 76Ge by NDBD is one billion of millions of
the age of the Universe. This means that the collected statistics is meant to be very
low: the estimated number of detected NDBD events is less than one for year for kg
of the detector material [11].
The Cryogenic Underground Observatory for Rare Events experiment, shortened to
CUORE, is based on the same idea of NDBD generator/detector of GERDA, but the
130Te enriched Tellurium detectors are inserted in the largest cryostat ever built, 10
tons heavy. The Tellurium detectors are kept at 10 mK by a very complex system
of gradual cooling. When a NDBD happens, it results in a small temperature in-
creasing of the Tellurium crystal, promptly detected. The detectors are moreover
shielded from the environment radiation by a big covering made of Lead. CUORE
is supposed to achieve an exclusion sensitivity of the order of 1026 years for the half-
life of 0νββ decay (lower limit), corresponding to a sensitivity to the Majorana mass
of neutrino around 40− 100 meV [12].
From all these examples it’s clear that a neutrino experiment is very ambitious in
terms of experimental complexity, peculiar requirements for the surrounding envi-
ronment and time duration to get a large enough statistics. The difficulty in this
type of research is intrinsic in the ambitious direct neutrino detection, and pushes to
search for other complementary measurements to get information on the two main
unknowns, the neutrino mass and the nuclear transition matrix elements. Other al-
ternative roads have been explored with the study of other types of reactions that do
not necessarily involve direct neutrino detection.
For example, many experiments are aimed to help in the NDBD research through
the evaluation of the terms of factorization of the NDBD half-life. This is the case
of the NUMEN (NUclear Matrix Elements for Neutrinoless) Project that, experimen-
tally measuring cross-sections of Double Charge Exchange reactions, gives useful
information for the determination of the NDBD NME.

1.2 Charge Exchange reactions

Charge Exchange reactions are off-shell processes3, ruled by strong force [13]. This
type of reaction requires two particles, one as charge-exchange sink and the other as
charge-exchange source. The charge is passed through virtual mesons as rho mesons
or pions.
A Double Charge Exchange (DCE) reaction is a beam-target process where two pro-
tons (neutrons) of the target nucleus are converted in two neutrons (protons), re-
sulting in a final charge change of the target nucleus equal to ∓2. For the charge

3An off-shell process is a reaction mediated by a virtual (or off-shell) particle. While a on-shell particle
has a real, constant and non-zero mass, according to the energy-impulse relativistic relation E2

1 =√
p2

i + m2
i , an off-shell particle does not answer to this law. Indeed its mass is not a-priori defined

and constant since it is a temporary manifestation of the quantistic field of which the particle is the
quantum.
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FIGURE 1.1: Graphical representation of a two-step Double Charge
Exchange reaction, made of two consecutive SCE. The wavy lines
represent the exchanged mesons (pions) between the two nucleons.
c and C represent the intermediate charge states of the two nucleons.

conservation, the projectile nucleus has the opposite charge change, equal to ±2.
Focusing on the process of charge exchange, a DCE reaction can be assumed, at its
leading order, as a two-steps process, as a Double Beta Decay. It means that the main
process, the DCE, is composed of two consecutive, equal and independent processes,
each one responsible of a charge change equal to one unity. This "simpler" process is
called Single Charge Exchange (SCE).
Each of the two SCE processes is induced by one-body operators on the two involved
nuclei. Two consecutive SCE contribute to the DCE, resulting in a final charge ex-
change equal to two unities; this process can be considered a two-steps one-body
DCE reaction. In this prospective, the DCE is similar to a DBD, where two consecu-
tive and independent beta decays occur one by one.
Figure 1.1 shows a schematic view of a DCE process: two nucleons of the projectile
nucleus (the left one) exchange two consecutive pions with two nucleons of the tar-
get nucleus (the right one). According to the charge of the two pions, that must be
equal to get a double charge exchange, the final charge of the projectile nucleus is
changed by two units, keeping the mass number unchanged.
According to another theoretical point of view, the DCE mechanism can be consid-

ered as the result of two dependent charge exchanges. The two SCE, mediated by
the neutral mesons exchanged between the two pairs of nucleons of target and pro-
jectile, are now dependent from each other. In this scenario, the DCE proceeds as a
one-step reaction, where a correlated pair of nucleons of the first nucleus changes its
total charge of two units through the emission of a pair of virtual charged mesons.
These two mesons are captured by the second nucleus, that undergoes a charge ex-
change of two units too.
This theory has never been considered so far, but it would open a brand new prospec-
tive. Indeed, this eventuality would strictly connect DCE reactions and NDBD: in
the latter, the two nucleons undergoing beta decay are linked through the pair of
Majorana’s (anti)neutrinos, being dependent from each other.
To exhaustively study the DCE reaction mechanism, so far not yet completely un-
derstood, the SCE reactions, ruled by a well established theory, will be considered in
the next section.
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FIGURE 1.2: Graphical representation of Single Charge Exchange re-
actions (p,n)type (left) and (n,p)type (right). The wavy line represents
the exchanged meson between the two nucleons, while the straight

ones represent the nucleons.

1.2.1 Single Charge Exchange reactions

A Single Charge Exchange reaction is a beam-target process where a proton(neutron)
of the target nucleus is converted in a neutron(proton), resulting in a final charge
change of the target nucleus equal to ∓1. For the charge conservation, the projectile
nucleus has the opposite charge change, equal to ±1. Since the number of nucleons
in the projectile nucleus and in the target one remains unchanged, the mass number
is unvaried by the reaction.
Equations 1.10 show the scheme of the two possible SCE processes. AP and ZP are
the mass number and the atomic number of the projectile nucleus, while AT and ZT
are the same quantities but related to the target nucleus.

(AP, ZP) + (AT, ZT)→ (AP, ZP − 1) + (AT, ZT + 1)
(AP, ZP) + (AT, ZT)→ (AP, ZP + 1) + (AT, ZT − 1)

(1.10)

The charge is exchanged by means of virtual charged mesons as pions (π) and rho
mesons (ρ). Figure 1.2 is a graphical representation of the two types of SCE corre-
sponding to hadronic interactions. From the theoretical point of view, SCE reactions
are usually evaluated by the Distorted-Wave Born Approximation (DWBA) methods
together with inputs from microscopic nuclear structure theory. Also calculations
based on ISM and QRPA are largely used.
As previously mentioned, the SCE event is the key ingredient to get a DCE process.

Competing reaction channels (SCE)

A direct SCE is a collisional process, mediated by the exchange of a meson, resulting
in a final charge change equal to ±1. The meson exchange is a one-step process,
ruled by the isovector nucleon-nucleon interaction. This is the interesting type of
reaction, since it can give information on NME of the beta decay.
Direct SCE is the most probable cause for trasferring charge between colliding nuclei
at energies above Coulomb barrier [20], but SCE can also occur at higher order.
Indeed, the same final result can be obtained also by two sequential and independent
exchanges of nucleons, in a second-order charge exchange reaction. For example, the
projectile nucleus can give a neutron to the target nucleus, and then it can receive a
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proton. This is a sequential proton(neutron)-pickup neutron(proton)-stripping pro-
cess. Obviously this is not a direct SCE reaction, but it is a multi-nucleon transfer
mechanism made of two steps, each one ruled by the theory of a one-nucleon trans-
fer
The two-step mechanism depends on the nucleon-nucleus mean field potential, in-
stead of the nucleon-nucleon interaction which is the basis of the direct SCE.
The direct SCE, that is a competing channel, is more important in a collision between
heavy ions, and must be accurately taken into account. By choosing a proper com-
bination of projectile-target nuclei and an energy range in which the direct process
dominates, this parasite branch can be minimized [21]. This tuning of the experi-
mental conditions has been largely investigated in the past, coming to the general
conclusion that the multi-nucleon transfer channel can be minimized increasing the
energy far above the Coulomb barrier [22] [23] [24].
Moreover, as any other direct nuclear reaction, the cross section of DCE reactions de-
pends on nuclear structure dynamics: also this topic requires a specific evaluation.
There is a key difference between an SCE reaction involving light nuclei and an SCE
reaction involving heavy ions. When moving to heavier nuclei, their complex many-
bodies nature must be carefully considered; the SCE reactions will be localized in the
nuclear surfaces of the colliding systems, because of the strong overlapping of the
nuclei wave functions when the two nuclei collide.

1.2.2 Double Charge Exchange reactions

A DCE reaction is a beam-target process where two protons(neutrons) of the target
nucleus are converted in two neutrons(protons), resulting in a final charge change
of the target nucleus equal to ∓2. For the charge conservation, the projectile nucleus
has the opposite charge change, equal to ±2. Since the number of nucleons in the
projectile nucleus and in the target one remains unchanged, the mass number is
unvaried by the reaction.
Equations 1.11 show the schematic DCE processes of charge exchange, where AP
and ZP are mass number and atomic number of the projectile nucleus, while AT and
ZT are the same quantities but related to the target nucleus.

(AP, ZP) + (AT, ZT)→ (AP, ZP − 2) + (AT, ZT + 2)
(AP, ZP) + (AT, ZT)→ (AP, ZP + 2) + (AT, ZT − 2)

(1.11)

DCE and NDBD similarities

To study the parallelism between the charge exchange processes and the Neutrino-
less Double β-decay, equations 1.12 show the schematic view of NDBD with β+ and
β− decays. Now AP and ZP are respectively mass number and atomic number of
the parent nucleus, and AD, ZD mass number and atomic number of the daughter
nucleus.

(AP, ZP)→ (AD, ZD − 2) + 2e+

(AP, ZP)→ (AD, ZD + 2) + 2e−
(1.12)

These equations point out the main contact point of the two processes: both of them
are responsible of a charge change equal to ±2 in the final target/daughter nucleus.
Indeed the two processes, even if mediated by different interactions (DCE reactions
are triggered by strong interaction, NDBD by the weak one), have a change of two
units in the nuclear charge, leaving the mass number unvaried. The charge exchange
is mediated by off-shell propagations of virtual states. This is not the only similarity:



8 Chapter 1. Neutrinoless Double Beta Decay and Double Charge Exchanges

many other common features led to the idea that a parallel study between the two
processes can be done.
The most crucial feature is the coincidence of the wavefunctions of initial/final states
of DCE and NDBD: the parent state of the NDBD is the same as the initial target nu-
cleus state of DCE, while the daughter state of NDBD is the same as the DCE residual
target nucleus state.
Another key aspect is the similarity between the transition operators of the two pro-
cesses: indeed in both transition operators, short-range Fermi, Gamow-Teller and
rank-2 tensor components are present [14].
Moreover, in both NDBD and DCE processes a large linear momentum is available
in the virtual intermediate channel. This feature is unseen in other similar processes
as DBD and SCE [15].
In addition, both NDBD and DCE events take place in the nuclear medium: it means
that in medium effects will affect both, causing similar "quenching" effects.
All these aspects led to the founded hypothesis that the Nuclear Matrix elements of
the DCE process could be similar to the Nuclear Matrix elements of NDBD.
It is of essential importance to understand how DCE’s NMEs are connected to the
NDBD’s NMEs, investigating if they follow a smooth and thus controllable function
of the projectile energy and of the mass of the system. In this context, the develop-
ment of a complete and exhaustive theory of DCE reactions, factorized in a reaction
part and a nuclear structure part, can significantly help the neutrino community: the
physics description is complex for both, but DCE is, of course, experimentally more
easily accessible.

Detecting a DCE

The scientific interest in the study of nuclear charge exchange reactions started with
the discovery of the giant Gamow-Teller resonance4 [16] and has continued until to-
day.
In the ’80s, intensive pion beams have been exploited to induce DCE reactions, not
necessarily in the DBD context, to investigate different features of nuclear structure
by studying the interaction of two nucleons [17] [18]. However, when the mesons
research (main goal of the pion beams accelerators) declined, also the parallel DCE
studies have been abandoned [19].
The possibility to use projectiles different from pions to get DCE reactions has been
accurately evaluated, coming to the conclusion that also ions were suitable.
A large amount of data has been collected over the years, by using light ions (as 3H
or 3He, using protons or neutrons as target) in the first instance. Nevertheless, these
experiments are complex and for this reason many scientific collaborations started
to use heavy ions to study charge exchange reactions. Indeed it was recognised that
peripheral collisions between heavy ions could led to direct reactions, allowing spec-
troscopic studies as interesting as the ones obtained with light ions experiments.
Therefore, in the ’80s and first years of ’90s first pioneering experiments using heavy
projectiles were performed with (18O,18 Ne), (18O,18 C) and (14C,14 O) at Los Alamos

4The Gamow-Teller resonance was identified in the ’60s, by studying the neutrons energy spectra
coming from (p,n) reactions on 51V, 56Fe, 59Co nuclei. The peaks appearing in these plots led the
scientists to the conclusion that a new type of nuclear excitations were discovered. The investigation in
this type of resonances went on, since they allowed the deepening of problems of fundamental physics
and astrophysics, such as properties of nuclear interactions, features of the beta decays of neutron-rich
super-heavy nuclei, nucleosynthesis in the star explosions and solar and extragalactic neutrinos.
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laboratories, ANU-Pelletron, Berkeley, NSCL-MSU and IPN-Orsay [25] [26] [27]. Be-
cause of the rarity of the DCE event, the small collected statistics was daunting and
this type of research was abandoned.
In recent years, new experimental apparatuses allowed to start again the DCE re-
search, relying on the capability to collect a larger statistics. This is the case of the
experiments run at RIKEN and RCNP laboratories, that measured the cross-sections
of different DCE reactions using a 8He beam to study tetra-neutron systems [28] and
11B and 12C beams to explore the Double Gamow Teller resonance [29].
As previously described, the study of DCE reactions can be a useful tool to access to
quantitative information on the NMEs of the NDBDs. For this reason, a particular
propulsive thrust to the DCE research has been given by the increasing interest for
the neutrino investigation and in the last years DCE reactions have been considered
again interesting for the analogies with NDBD.
The laboratories of the Istituto Nazionale di Fisica Nucleare (INFN) based in Cata-
nia falls within this latter context. This very innovative facility, called Laboratori
Nazionali del Sud (LNS), offers an optimal experimental apparatus to measure DCE
cross-sections with high energy, angular and mass resolution, even at very forward
angles, as explained in Chapter 2.
In 2015, the first pioneering measurements of cross-section of the DCE reaction
40Ca(18O,18 Ne)40 Ar using 18O beam at 15 MeV/u, performed by the INFN-LNS
community, were the starting point of a wide future research [30]. They showed the
possibility to distinguish among different energy levels of the DCE products with
good energy resolution: this new capability opened a window to the parallelism
between DCE reactions and NDBD.

Competing reaction channels (DCE)

As for SCE reactions, also to interpret the DCE cross-section measurements the eval-
uation of the competing channels is necessary. The main role is played again by
multi-nucleon transfer reactions, as in the SCE study, whose contribution appears
developing the nucleon-nucleon potential until its 4th order.
This two-steps process has the same final state as the DCE reaction, but it is made
by two consecutive and independent charge exchanges. These double-SCE reac-
tions recall DBD, where the two beta decays have not relations from one another.
Equations 1.13 and 1.14 show two possible paths through which two consecutive
multi-nucleon exchange processes can simulate the DCE 116Cd(20Ne,20 O)116Sn; the
first one is a (2p + 2n) exchange, while the second is a (2n + 2p) exchange.

20Ne +116 Cd→18 O +118 Sn→20 O +116 Sn (1.13)

20Ne +116 Cd→22 Ne +114 Cd→20 O +116 Sn (1.14)

The evaluation of the multi-nucleon transfer reaction cross sections is paramount:
they can be calculated within the DWBA approach, together with channel calcula-
tions performed thanks to the FRESCO code [31]. Different models, as microscopic
IBM and ISM, can be used for these calculations and compared, giving a quite com-
plete and coherent evaluation [32] [33].
Recent calculations of the transition matrix elements for heavy and medium nuclei
performed with microscopic IBM have been also exploited for the nuclear matrix el-
ements of NDBD [34]. From these studies, the multi-nucleon transfer cross sections
result to be around 10−4 − 10−3nb [35], far from saturating the measured total cross
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section, that is of the order of nb. This points out that the direct DCE represents the
main contribution.
In the experimental conditions of the INFN-LNS experiments, the contribution of
these reactions is less than 1%, as shown in [30].
The NUMEN Project, based at INFN-LNS laboratories, is aimed to measure with
high accuracy the DCE reactions cross-sections. The following chapter will describe
in details the Experiment.
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Chapter 2

The NUclear Matrix Elements for
Neutrinoless double-β decay
Project

The NUclear Matrix Elements for Neutrinoless (NUMEN) double-β decay Project is
conceived as a long-range time research to study many candidate systems for NDBD.
It aims to put experimental constraints to the Nuclear Matrix Elements involved in
the Neutrinoless Double Beta Decay by measuring the Double Charge Exchange re-
actions cross-sections with high energy and angular resolution. In particular, the
most ambitious goal is to understand if the DCE matrix elements are connected to
NDBD matrix elements as a smooth (and therefore that can be easily investigated)
function of the projectile energy and of the system mass.
The experiments foreseen by the Project will be performed in the Laboratori Nazion-
ali del Sud of the Istituto Nazionale di Fisica Nucleare. The LNS-INFN laboratories
provide accelerated heavy-ion beams by using the K800 Superconducting Cyclotron;
the MAGNEX large acceptance magnetic spectrometer is tasked with the ejectile de-
tection.
The following section will describe the actual facility.

2.1 The actual NUMEN experimental apparatus

The experimental facilities installed in INFN-LNS are mainly constituted by the the
K800 Superconducting Cyclotron and the MAGNEX magnetic spectrometer.
The K800 Superconducting Cyclotron (SC) is a particles accelerator designed to ac-
celerate charged nuclei of 18O and 20Ne up to energies in the range 10-80 MeV/u. It
guarantees a high energy resolution (estimated at ∼1/1000 of the nominal energy)
and low emittance (∼ 2π mm mr1)[36]. The main limit of the present SC is the low
beam intensity that it can reach: to get a large enough statistics, very intense ion
beams are required for the NUMEN future studies.
MAGNEX is a large acceptance magnetic spectrometer, with a vertical focusing quadrupole
lens followed by a magnet that horizontally bends the crossing particles [37]. A
rotating platform, appreciable in figure 2.1, allows the spectrometer to rotate in a
range (−20◦,+90◦) around the target axis. The scattering chamber, together with the
quadrupole and the dipole, is located on the platform, as well as the whole detection
system. The maximum accepted magnetic rigidity2 is around 1.8 Tm: it corresponds

1The emittance of a beam is a feature of a beam that represents its average spread in the position-
and-momentum phase space.
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FIGURE 2.1: The present MAGNEX spectrometer moves on a circular
rail; the quadrupole and the dipole are also visible.

to a maximum accepted energy of 46 MeV/u for the 18O beam experiments and of
24 MeV/u for the 20Ne beam experiments.
The most interesting and innovative feature of this spectrometer, in addition to the
capability to measure at zero degrees, is the technique of trajectory reconstruction. It
is able to solve with good precision the equations of motion of each crossing particle,
correcting the aberrations induced by the large acceptance [38]. This complex tech-
nique allows to identify heavy ions with good mass resolution (∆A/A ∼ 1/160),
angle resolution (∆θ ∼ 0.2◦) and energy resolution (∆E/E ∼ 1/1000). The resolu-
tion on the momentum measurement is in the range −14% < ∆p/p < +10%.
The detection of the reaction ejectiles is the task of the MAGNEX Focal Plane Detec-
tor (FPD). It is composed by two main detectors: a Gas Tracker and a Silicon Wall.
The gas detector consists of a set of wire-based drift chambers, with a pads segmen-
tation to collect the induced signal. It measures the horizontal and vertical positions
of the reaction ejectiles, together with the θ and φ angles of their trajectories. The
whole gas detector covers an active volume of 1360 mm × 200 mm × 96 mm.
The Silicon Wall is made of 60 silicon pad detectors; it measures the residual energy
of the reaction ejectiles. Each detector has an active area of 70mm × 50mm and is
500 µm thick. The pads are arranged in 20 columns and 3 rows.
The design and performances of the present FPD are exhaustively described in [44].
The mass and charge identification is performed by combining position and energy
informations, reaching a 0.6% resolution in the mass and charge determination and a
2% resolution in the atomic number measurement. The resolution on the horizontal
and vertical coordinates is 0.6 nm, while the resolution in the angular determination
is around 5 mr. The overall energy resolution is 0.1%.
Even considering the good performances of the actual acceleration facility and of the
MAGNEX FPD, an overall upgrade is necessary.
The FPD has limitations both in the gas tracker and in the silicons wall. The gas de-
tectors have an intrinsic limitation in the tolerable rate of kHz of incident ions (and
this will be a problem when the beam intensity will be increased), while the silicon
detectors have a radiation tolerance of 109 particle/cm2, that would be not suitable

2The magnetic rigidity R is a quantity that represents the bending of a charged particle in the
magnetic field B. It is calculated as R = B× ρ where ρ is the curvature radius of the trajectory. It can
be also evaluated through the formula R =

p
q where p is the relativistic momentum of the particle and

q is its charge.
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for the increased beam intensity phase. For all these reasons (and more), an overall
upgrade of the LNS laboratories is foreseen.
The upcoming renewal of the LNS laboratories infrastructure, allowed by a wide
Italian institutional finance in the context of the PON program, will promote an in-
tense R&D activity on detectors and electronics hardware, on the system of the beam
acceleration and in general on all the laboratories instrumentation. The NUMEN
Project will profit and strongly contribute to this challenging overall upgrade.
The Project is divided in four phases, two of those being already completed.

2.2 The NUMEN four phases

Phase 1

This Phase run out in 2013, with the pilot experiment. During this year, the
40Ca(18O,18 Ne)40Ar DCE reaction was measured at the LNS laboratories, together
with the competing processes (two-proton and two-neutron transfers) and the SCE
reactions. [30]
In this pioneering experiment, for the first time the DCE cross-sections have been
measured in a wide range of transferred momenta, with high energy and angular
resolution. The trend of the obtained angular cross-section showed an oscillating
pattern, that has been successfully fitted by a n= 0 Bessel function3: this fact was
encouraging, suggesting that a simple mechanism is dominant in the DCE reaction.
The hypothesis of a two-step DCE, made of two independent SCE processes, has
been considered to extract the DCE NMEs from the experimental cross-sections. De-
spite all the approximations of the model, the obtained results resulted comparable
with the literature.
This first result was encouraging for the following researches, but some experimen-
tal constraints in the present set-up put limits to the extension of the pilot study to
the so-called "hot cases", i.e. the nuclei candidate for the NDBD. To mention just two
of the many difficulties, the NDBD candidate isotopes are heavier than 40Ca, so the
DCE cross-section will be reduced (due to an absorptive environment in the nucleus-
nucleus collision). Moreover, the achieved energy resolution with the present set-up,
typically about half MeV, is not always enough to separate the ground state from the
excited ones in the ejectile nucleus4. These two reasons, added to many other con-
siderations (see [35] for more details), led to the conclusion that the beam current
has to be increased from some nA (intensity so far achievable with the present LNS
cyclotron) to some tens of µA. The beam intensity increase involves not only an up-
grade of the beam extraction and acceleration system, but also appropriate detectors

3 The Bessel Functions, also noted as Cylinder Functions, are a set of mathematical functions
derived around 1817 by the German astronomer Friedrich Wilhelm Bessel while studying the solu-
tions of the Kepler’s equations of planets motions. A Bessel function is the solution of the equa-

tion x2 d2y
dx2 + x dy

dx + (x2 − n2)y = 0, where n is an integer number. The solutions have the form

Jn(x) = xn

2nn!

[
1− x2

2(2n+2) +
x4

2·4(2n+2)(2n+4) − ...
]

and follow a damped periodic function. After Bessel’s

theoretical formulation, other scientists found out that many other physical phenomena can be de-
scribed by Bessel functions. [39]

4DCE reaction products can exit the reaction in different energy levels, excited or ground state. For
this reason, the energy spectrum of the DCE ejectile shows different peaks, each one resulted from a
different combination of ejectile and target daughter energy levels. To study the cross-section of each
DCE reaction, each peak must be clearly distinguished from the others: if the peaks are not enough
separated in the energy spectrum, complementary measurements of the DCE reactions are required
(as explained later).
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and electronics able to face high particles rates. Moreover, the high irradiation of
the experimental hall will ask for more stringent security procedures in the whole
management of the experiments. Last but not least, also the entire target system has
to be re-designed: this topic is the focus of this thesis and it will be described into
the details later.

Phase 2

During the Phase 2 of the NUMEN Project, all the R&D studies for the necessary
upgrades of the LNS laboratories infrastructures have been done, keeping the "old"
facility still available to go on with the experiments. In this phase, experiments on
a selected set of systems have been performed. This phase has been completed in
the summer of 2020 and consisted of two classes of experiments, one measuring the
(18O,18 Ne) DCE transition (corresponding to β+β+ decay) and one measuring the
(20Ne,20 O) DCE transition (corresponding to β−β− decay). Together with the DCE
cross-sections, that here represent the more interesting physics, also the other reac-
tion channels involving same beam and target have been studied.
The exploratory results obtained with the not-still-upgraded facility showed the
challenging aspects of this type of experiments and established the best working
conditions, even if the collected statistics was poor due to the low beam intensity.
Among all the possible DCE candidate isotopes, the ones whose ejectile energy spec-
tra show a good energy separation among the ground state and the other excited
levels have been preferred. To facilitate these pioneering measurements, also the
availability of thin uniform targets of isotope enriched materials has been taken into
the account. The main features of these measurements with both 18O and 20Ne are
briefly summarized in the following. The results are reported in references [40] and
[41] respectively.

The 18O experiments
In the context of the study of the DCE cross-sections of reactions obtained with the
18O beam, also the reaction channels other than DCEs have been taken into the ac-
count. They are elastic and inelastic scattering (18O,18 O), two-proton pick-up reac-
tion (18O,20 Ne), one-proton pick-up reaction (18O,19 F), two-neutron stripping reac-
tion (18O,16 O) and one neutron stripping reaction (18O,17 O). These measurements
have been performed in a wide angular range, thanks to the MAGNEX large angular
acceptance. Moving the MAGNEX spectrometer in such a way that its optical axis
is at +3◦ with respect to the beam axis, the detectable range was −2◦ < θlab < +9◦5.
During the measurements foreseen for the NUMEN Phase 2, the beam was collected
in a Faraday Cup, placed besides the FPD, to measure its total charge6. During the
Phase 4 instead, when the beam intensity will be increased, due to radioprotection
needs the beam will be transported outside the experimental hall and directed to a
special beam dump.
Targets made of 116Sn, 76Se, 12C and 48Ti have been used with the 16O beam at 16
AMeV to study 116Sn(18O,18 Ne)116Cd, 76Se(18O,18 Ne)76Ge, 12C(18O,18 Ne)12Be and
48Ti(18O,18 Ne)48Ca DCE transitions (and competing channels).

5θlab is the angle in the horizontal plane containing the beam axis; θlab = 0 represents the beam
axis.

6A Faraday cup is a conductive cup made of metal. When it is crossed by a charged particles beam,
collects the charges and measures the beam current [42].



2.2. The NUMEN four phases 15

FIGURE 2.2: Drawing of the MAGNEX spectrometer with the typical
trajectories of 18O and 20Ne beams .

The 20Ne experiments
Concerning the measurements performed with the 20Ne beam, the reaction channels
of interest, in addition to the one related to charge exchange reactions, are elastic
and inelastic scattering (20Ne,20 Ne), two-proton stripping reaction (20Ne,18 O), one-
proton stripping reaction (20Ne,19 F), two-neutron pickup reaction (20Ne,22 Ne) and
one-neutron pick-up reaction (20Ne,21 Ne).
Figure 2.2 shows the layout of the experimental hall with the MAGNEX spectrom-
eter and the two main magnets. The red line represents the trajectory of the 18O
beam, while the blue one is the 20Ne typical trajectory. Here magnetic rigidity of
the incident beam is lower than the one of 18O, so the beam will be more bent than
the oxygen ejectiles. Placing the MAGNEX optical axis at −3◦, the covered angular
range is −8◦ < θlab < +3◦. The placing of the Faraday Cup in Phase 2 and the beam
dump in Phase 4 are the same as in 18O experiments.
The reactions explored with a 15 AMeV 20Ne beam are 116Cd(20Ne,20 O)116Sn,
130Te(20Ne,20 O)130Xe and 76Ge(20Ne,20 O)76Se.

Phase 3

This phase is foreseen for the disassembling of the old experimental set-up and the
assembling of all the new upgraded hardware. Obviously, all the tests of the new
detectors will be done in this phase, together with first trials of data taking. Phase 3
is expected to take a little more than 2 years to be completed.
During this phase, all the analysis of the previously collected data will go on.

Phase 4

Once the beam extraction and acceleration system will be upgraded, the beam cur-
rent will reach some µA. The maximum beam intensity on the target will be around
1013 particle per second (pps) for both 18O and 20Ne.
Thanks to the increased beam intensity, the measurements can count on a larger
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FIGURE 2.3: Scheme of the reaction channels studied during the NU-
MEN Phases 1 and 2.

statistics collected in a shorter time window. To have an example, let’s consider
the DCE transition 116Cd(20Ne,20 O)116Sn, that has been already explored during the
Phase 2, collecting around 20 events of ground state-to-ground state DCE transitions
in about 20 days of acquisition time (corresponding to a rate of around 1.5 events for
day). The same reaction will be subject of study during the Phase 4, but with a higher
beam intensity: in 2 days of data taking, it is reasonable to expect 104 DCE events, a
statistics considerably larger than the one so far reachable.
Experimental campaigns after the facility upgrade will collect an integrate charge of
hundreds of mC up to C. A large variety of 0νββ candidate isotopes will be used as
targets, as 48Ca, 76Ge, 76Se, 82Se, 96Zr, 100Mo, 106Cd, 110Pd, 116Cd, 110Sn, 124Sn, 128Te,
130Te, 136Xe, 130Xe, 148Nd, 150Nd, 154Sm, 160Gd and 198Pt.
Figure 2.3 shows an overall scheme of the reaction channels studied during the NU-
MEN Phase 2: they will be re-measured with higher statistics in Phase 4.
Among all these possible reactions, precedence will be given to the ground state-

to-ground state transitions where the ground state peak is well distinguishable from
the ones related to excited states. In some DCE cases, the energy of the ground state
peak is close to the energies related to the excited states peaks. In these cases, the
sensitivity of the MAGNEX spectrometer is not sufficient to clearly distinguish the
different peaks. For this reason, during the upgrade of Phase 3, a gamma detector
surrounding the target will be added to the experimental apparatus [43]. This detec-
tor will measure the energy of the gamma rays coming from the de-excitation of the
target daughter, when it is in an excited state after the DCE transition. This informa-
tion will be helpful to distinguish different energy peaks in the spectra of the DCE
reaction.



2.3. The upgrades 17

The experiments will be performed at different incident energies, to investigate the
energy dependence of the DCE cross-sections.

2.3 The upgrades

As previously described, in correspondence of the NUMEN Phase 3, a comprehen-
sive upgrade of the LNS facility is foreseen.
The main subject of this renewal is the superconducting cyclotron, but also the NU-
MEN detectors system will be improved.
The scattering chamber too will be changed with a more complex one, that will host
the new target system.

2.3.1 Superconducting Cyclotron

The main change in the acceleration technology will involve the beam extraction
system.
The actual SC can accelerate a large range of ions, from Hydrogen to Uranium, in an
energy range spanning from 10 to 80 AMeV. Due to the SC compact geometry, the
beam extraction efficiency is around 50− 60 %. Most of the beam particles hit the
septum of the first electrostatic deflector, causing serious thermal issues. When the
beam intensity will be increased, this beam extraction technique won’t be workable.
For this reason, the SC will be upgraded with a new beam line for the extraction by
stripping7. By using a stripper foil, the trajectory of the beam in the magnetic field
escapes from the cyclotron magnetic poles: the power lost inside the cyclotron will
be at least one order of magnitude lower. [45]
The expected intensity of the extracted beam is around 50 µA, depending on the
beam ion.
The new beam transport line will include the FRAgment Ion SEparator (FRAISE)
line. FRAISE allows the production and separation of the radioactive ion beams,
providing for a re-shape of the beam by cutting the beam halo. It can also reduce
the energy spread (see [35] for more exhaustive explanations). Figure 2.4 shows a
schematic view of the new layout of the LNS accelerator and beam lines.
The NUMEN-dedicated new beam line will consists of the three present quadrupoles,

combined with two new dipoles and three new quadrupoles. Figure 2.5 shows the
new MAGNEX experimental hall.
The new SC will deliver to the NUMEN scattering chamber a beam with a energy
spread of 0.1%. This new line will fulfil the stringent NUMEN beam requirements,
reaching a beam spot on the target with dimensions 1 mm on the x direction and 2.5
mm in y direction. The beam radial divergence will be 4 mrad.
Also the beam dump is object of R&D during the Phase 2. It has to handle a power
up to 10 kW, released by a beam that can come from two different directions (accord-
ing to each experiment and to the magnetic rigidity of the ejectile). For this reason,
the MAGNEX room will be enlarged, to host the bigger new beam dump.

7In the stripping extraction, the beam is accelerated with a charge state between (Z− 5) and (Z− 2)
and then it is fully stripped by crossing a stripper foil (e.g. a carbon foil).
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FIGURE 2.4: New layout of the LNS accelerator facility. The beam
coming out from the cyclotron reaches the FRAISE line and then the

MAGNEX experimental hall.

FIGURE 2.5: New layout of the MAGNEX experimental hall.



2.3. The upgrades 19

2.3.2 Integration of Mechanical Devices

Together with the enlargement of the MAGNEX experimental hall, all the new and
upgraded components of the NUMEN apparatus will be integrated with the old
ones.
The actual platform will be used also for the NUMEN Phase 4, thanks to a deep
maintenance intervention. Also the quadrupole and the dipole on the platform can
be used again, even if with an upgrade in the power supply and cooling system.
The scattering chamber will be changed with a more complex one, for two main
reasons. The first one is related to a new detector, called G-NUMEN, that will be
inserted around the target, as explained in the following. The second reason is the
new target system, crucially different from the present one, that will need a dedi-
cated cooling system and a side storage for the target exchange8. A target manipu-
lator will be necessary, as described in [46].
Also the vacuum chamber of the Focal Plane Detector will be changed to host the
upgraded detectors.
Finally, a new beam dump has been designed, to stop more intense ion beams. [35]

2.3.3 Focal Plane Detector

Both the gas tracker and the Silicon Wall will be upgraded.
The main disadvantage of the actual gas tracker [47] is the limit on the tolerable hit
rate, that now is few kHz (due to the slow drift of the positive ions from the multi-
plication wires to the Frisch grid). This limited rate capability will not be acceptable
during the NUMEN Phase 4 with more intense ion beams. For this reason, the new
gas tracker will be faster than the actual one, being able to bear a hit rate around 100
kHz/cm. The new gas tracker is designed to be composed of 8 different modules,
for a complessive active volume of 1122× 185× 108 mm3. The gas gap will be filled
with isobutane at low pressure. The detector consists of a drift region between the
multiplication plane and the cathode, a multiplication region based on the Multi-
Thick GEM9 technology and a segmented readout plane.
When a charged particle hits the Gas Tracker, it crosses a thin Mylar window and
enters in the gas region. Crossing the gas gap, it loses energy and ionizes the gas
molecules, creating a track of ionized atoms and primary electrons. Under a nearly
uniform electric field, the electrons drifts with constant velocity crossing the drift
region; their drift time is measured and the vertical position is deduced. Then, elec-
trons reach the multiplication region, where they are accelerated by a stronger elec-
tric field present in the GEM foil. Then, the jet of electrons is directed to the seg-
mented read-out electrode. The read-out electrode measures the horizontal position
and the angles.
The spatial and angular resolution are expected to be 0.7 mm and 0.5◦ respectively,
fulfilling the strict requirements fundamental for the accurate particle ray recon-
struction. [35]
The technology of the new gas tracker will not provide an accurate particle identifi-
cation and the walls of the NUMEN silicon detectors have to be upgraded to enhance
the radiation tolerance, so a dedicated wall of telescope detectors has been designed

8It is reasonable to dedicate a following part to the details of the new scattering chamber, when the
new target system will be illustrated.

9A Gas Electron Multiplier (GEM) detector is a type of gaseous ionization detector, where the
most of the avalanche of the charge multiplication process occurs in the small holes tailored in a thin
polymer sheet. [48]
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FIGURE 2.6: Layout of a NUMEN silicon telescope detector.

for the upgrade [49]. The technology is based on a telescope solution, where two
detectors are involved. The particles cross the first, a thin detector where an energy
loss signal is created by the particle, and stop into the second one, where the resid-
ual energy is collected. By cross-referencing the information coming from the two
detectors, the atomic number Z of the particle can be deduced. Figure 2.6 shows the
sketch of a detector cell. The chosen solution is focused on 820 telescopes of Sili-
con Carbide (SiC) used as thin detector and CsI(Tl) used as thicker detector, placed
downstream the gaseous trackers. Each telescope has an active area of 1.5 cm × 1.5
cm, with a dead space of 0.2 mm. The SiC detector is only 100 µm thick, and the
CsI(Tl) inorganic scintillator is coupled to a PIN 1 cm × 1 cm photodiode.
The overall silicon telescope fulfils the radiation hardness requirements for the NU-
MEN Phase 4, withstanding a counting rate of few tens of kHz/cm2. The obtained
resolution in the particle identification is ∆Z/Z ∼ 1/24 and ∆A/A ∼ 1/47.

2.3.4 G-NUMEN, the gamma array

The DCE reactions to be studied by the NUMEN project involve nuclei of different
weights[35]. While for the lighter nuclei the energy resolution of the MAGNEX spec-
trometer is expected to be suitable to discriminate between the ground state and the
first excited energy levels of the reaction products, this is not the case of the heavier
nuclei. In such cases, an additional detector has been foreseen: the G-NUMEN de-
tector.
It is a detector designed to measure the energy of the gamma rays emitted by de-
excitation of the target daughter nucleus, if it comes out from the DCE event in an
excited energy. This detector is then supposed to be placed in the region surround-
ing the target, since the gamma production is isotropic in space. The main problem
of this type of detection is related to the very high radiation levels in the target re-
gion; in addition to gamma rays, also fast neutrons, electrons, light and heavy ions
will be produced in the beam-target collisions. The emission rates of gamma fore-
seen in the NUMEN Phase 4 reach the order of magnitude of GHz. In addition to
that, the neutron production is supposed to increase, and neutrons can demage the
gamma detectors. For this reason, the detector has to be radiation robust: inorganic
scintillators are the best solution, since they are quite tolerant to fast neutrons and
gamma radiation.
Accurate software simulations with the GEANT4 Hadron therapy model [50] and
different experimental tests with prototypes have been performed [51].
After dedicated studies, the choice related to the crystal material of the inorganic
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FIGURE 2.7: A sketch of the scattering chamber without (left) and
with (right) the gamma array detector.

scintillator fell on LaBr3(Ce), able to face high particle rates preserving a suitable en-
ergy resolution.
Concerning the scintillators number and displacement, the available space for the
gamma array is strictly connected to the scattering chamber structure and equip-
ment (as vacuum pumps, beam entrance,...). Figure 2.7 shows a possible layout of
the gamma array position. 139 scintillators are assembled in an half-dome, covering
around the 20% of the total solid angle around the target. Each LaBr3 detector is 50
mm long and has a diameter of 38 mm. The read-out will be demanded to standard
photomultiplier tubes, which allows for the best timing and energy resolutions.
The described solution guarantees a total photopeak efficiency of ∼ 4% at 1 MeV.
The energy resolution will be 2% and the time resolution less than 1 ns. The ex-
pected radiation tolerance should be higher than 1010n/cm2.
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Chapter 3

The NUMEN Target System

3.1 The targets used during Phase 1 and Phase 2

During the NUMEN Phase 1 and Phase 2, the isotopic materials required to study
the DCE reactions of interest were manufactured in thin targets, deposited on carbon
backings. The target deposition was usually around 1 µm thick, while the carbon
foil used as substrate was a few tens of nanometers thick. The target deposition was
performed in the INFN-LNS target laboratory, typically by using Physical Vapor De-
position (PVD) techniques1.
Since the beams used for the NUMEN experiments of the Phase 1 and Phase 2 had an
intensity of∼ 10 nA, the power released in the targets was of the order of 0.2 W. This
value was small enough to avoid any cooling system of the target, since the temper-
ature increase was not relevant. This carbon backing, indeed, was never meant to
take care of the target cooling: it had a mechanical sustain function, together with
the role of post stripper.
This is not the case of the beams foreseen for the Phase 4: when the beam intensity
will reach tens of µA, the heat released in the target will be such that the temperature
of the target material will reach the melting point for all the foreseen target elements.
Another crucial aspect of the new generation of NUMEN targets is related to the re-
quirements on the energy resolution. Preserving the energy resolution is a key point
in the design of targets suitable for the Phase 4, since the reactions under study will
require for the discrimination of transitions at different (even close to each other)
energy levels, as explained in more details in the following. The targets have to be
designed also to face this necessity.

3.2 Target Requirements in the Phase 4

As previously described, the main change of the Phase 4 will be the increased beam
intensity. The new Superconducting Cyclotron will accelerate 18O and 20Ne beams
up to 60 AMeV, like the existing acceleration facility, but the beam intensity will
reach 50 µA.
An enhanced beam intensity means a larger quantity of energy released by the beam
in the crossed target, since the number of charged particles interacting with the tar-
get atoms increases. This fact leads immediately to the most crucial problem that the
target system must face: the heat dissipation. As explained in a following section,

1The Physical Vapor Deposition is a technique to deposit thin films in vacuum. During the process,
the material that will be deposited goes from a condensed phase to vapor, and then back to condensed
when deposited on a substrate. Evaporation by electron beam is one of the most common techniques
of Physical Vapor Deposition and will be described in the following, since it is the one used for the
NUMEN Phase 4 target production.
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the heat released in the target could cause serious damages, if not dissipated. For
this reason, a dedicated cooling system is necessary.
The second requirement is related to the thickness and the thickness uniformity.
Both these features must be carefully evaluated to minimize the effects on the en-
ergy resolution (e.g. the energy dispersion and the straggling, described in the fol-
lowing).
All these aspects must be taken into account and make the target design one of the
most crucial and challenging part of the NUMEN upgrade.

3.2.1 The Heat Dissipation

As previously described, DCE reactions will be provided by beams of 18O and 20Ne
with energies ranging from 15 to 60 AMeV. The beam intensity will be around 50
µA.
The power dissipated by the beam in the target can be calculated from the average
energy loss, for ionization, of a single particle of the beam with the formula 3.1.

Pdeposited [W] = Edeposited by a single ion
I

qion
(3.1)

Pdeposited is the total energy deposited per second by the beam in the target,
Edeposited by a single ion is the average energy in J deposited by a single charged ion
when crossing the target, I is the beam intensity and qion is the ion charge.
The average energy loss Edeposited by a single ion can be predicted by the Bethe-Bloch for-
mula, that evaluates the stopping power2 of a charged particle which passes through
the matter. The energy range of validity of this law is between 1 MeV/u and 10
GeV/u3, so the formula can be used for the evaluation of the heat produced by the
beam in the target.
The Bethe-Bloch formula and its derivation and corrections will be described in de-
tails in a following dedicated section called Energy loss of low energy ions in matter:
corrections to the Bethe-Bloch formula of the Chapter 4; for now the important depen-
dence to observe is the one on the energy. In the energy range of the NUMEN beams,
the stopping power is inversely proportional to the energy of the projectile, because
the high energy corrections are negligible: it means that the worse scenario for the
heat dissipation is the one with the lower energy in the foreseen energy range of
study, where beams have 15 AMeV.
This correlation between the beam energy and the deposited power can be easily
seen in Table 3.1, where the deposited powers from Oxygen and Neon beams in the
respective targets are reported. In these calculations, the beam intensity is supposed
to be 50 µA; the target thickness has been supposed to be 400 nm for all the isotopes,
as indicative value. The deposited power ranges from 0.7 to 2 W, causing a temper-
ature increase in the target material.
From these evaluation the need of a cooling system for the target emerges. The first
hypothesis elaborated to cool down the target was to keep the target extremities at a
fixed cold temperature by using a metal structure that pinches the target disk [54], as

2The stopping power S is the retarding force that acts on charged particles crossing matter; it results
in a progressive energy loss [52] [53]. It is mathematically evaluated as the lost energy per unit path x:
S(E) = −dE/dx.

3It must be stressed that the Bethe-Bloch formula, even if it can fit the experimental energy loss in
a wide range of projectile energies, can not be used in case of very low energy projectile. This is the
case, for example, of the alfa particles coming from a radioactive decay: the energy loss process at low
energies will be deeply discussed in a dedicated chapter.
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TABLE 3.1: The power deposited by the beam in a 400 nm thick target.

Beam Energy [AMeV] 116Sn [W] 76Se [W] 76Ge [W] 116Cd [W] 130Te [W]
(Beam) (18O) (18O) (20Ne) (20Ne) (20Ne)

15 2.0 1.5 2.0 2.9 2.0
30 1.2 0.9 1.2 1.7 1.2
45 0.9 0.6 0.9 1.3 0.9
60 0.7 0.5 0.7 1.0 0.7

sketched in Figure 3.1. The holding frame, if connected to a refrigerator circuit with
liquid nitrogen, is kept at 100K. It is reasonable to assume that after some time from
the activation of the refrigeration system the whole target system is at 100K. When
the beam hits the central region of the target, it will heat the crossed material. The
heat will be progressively transmitted to the periferic region of the target and then
transferred to the frame. To study the heat propagation, different calculations have
been made.

Analytical calculation with a circular beam spot

The first step of the temperature evaluation study consisted in an analytical solution
of the heat equation.
The beam has been supposed to be circular with radius of 1 mm, with uniform distri-
bution of the beam particles (uniform beam profile). The worse scenario for the heat
production has been considered, when the beam has the lowest energy (15 AMeV)
and the highest possible current (50 µA).
The target disk has radius of 0.5 cm and thickness of 400 nm.
Figure 3.1 shows a planar (front) view of the target (upper figure), with the different

FIGURE 3.1: A standalone target kept at its extremities by a cooled
structure. The red area is the one with the highest temperature, since
it is fired by the beam. The peripheric circular crown is the coldest
area, since it is in contact with the cooled frame (in blue). The inter-

mediate area, in yellow, has an intermediate temperature.

zones of heating, and a side view of the target and the cooling system (lower figure).
The central region, hit by the beam, is the one with the highest temperature (in red).
The periferic circular crown is the colder area, since it is in contact with the cooled
frame (in blue). The intermediate area, in yellow, has an intermediate temperature.
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The heat equation can be analytically evaluated at the stationary state. The station-
ary state is reached when the amount of heat that enters in the target (through the
beam interaction with the target material) is equal to the amount of heat that is trans-
ferred to the cold frame. Such steady-state is reached after a transient time (a few
tens of ms after the beam start).
In cylindrical coordinates4 the heat equation can be expressed as

1
r

d
dr

(
r

dΘ(r)
dr

)
+

dQ
k dVdt

= 0 (3.2)

where k indicates the conduction coefficient, r is the radial coordinate, Θ(r) is the
temperature and dQ

dVdt the heat rate density of the source. dQ
k dVdt is different from zero

only in the region of the beam spot, since it represents the heat source.
The Fourier law, that links the heat rate and the conduction coefficient, can be writ-
ten as

dQ
dt

= −k s 2π r
dΘ(r)

dt
(3.3)

where s is the target thickness.
Since the thermal equilibrium is quickly reached, the solution at the stationary regime
can be calculated from 3.3 and 3.2, in the hypothesis of a uniform circular beam.
In the crown between the beam spot and the cooled frame (rB < r < rC, with rB
beam radius and rC internal radius of the cold frame), the solution is

Θ(r) = ΘC + Aln
(

r
rC

)
(3.4)

where ΘC is the temperature reached at rC and A can be evaluated as

A
[

J
MeV

]
= − 1

k 2π s Eb[MeV] I[A]
Ze[C]

I
Ze representing the number of ions passing through the target per unit of time.
In the region of the beam spot (0 < r < rB), the solution is

Θ(r) = ΘC +
q
2

r2
B + A ln

(
rB

rC

)
(3.5)

where q = 1
k

dQ
dVdt .

Inserting in the solutions the values of all the parameters (rC, rB, I, k, s, ΘC), the
maximum beam intensity tolerable to avoid the target melting can be derived. It
depends on the target elements, but even in the most favourable case (target with
the highest melting point) the beam intensity cannot exceed 2.5 µA.
Since the beam intensity reachable after to the INFN-LNL accelerator upgrade will
be more than one order of magnitude higher than this limit, it is mandatory to design
a more performing cooling system.
Moreover, the beam provided by the LNS SC is not uniform but has a gaussian
shape. To solve the heat equation with this more realistic beam and taking also into
account the initial transient of temperature, a numerical calculation code has been
implemented.

4It is possible to express all the calculations in cylindrical coordinates because of the symmetry of
the target system.
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FIGURE 3.2: Temperature reached at rB < r < rC in a 116Sn 400 nm
thick target, when hit by a 15 AMeV 18O beam. In blue are reported
the results of the MATLAB code, while in green the ones obtained

with the analytical calculation.

Solution of the (not stationary) temperature equation with a gaussian beam profile

To study the heat propagation in the not stationary state, a code has been imple-
mented in the MATLAB environment. The numerical approach allowed to use a
gaussian function for the beam profile, situation similar to the real one. A gaussian
with 2 mm of FWHM has been used.
Results obtained by numerically solving the time dependent heat equation are in
agreement with the analytical results within a discrepancy of 3% for all the beam-
target pairs. A more detailed description of these studies is reported in the PhD
thesis of F. Pinna [55], where more details are described.
Figure 3.2 shows the results obtained with the two calculation methods for the 116Sn
target case: the temperature dependence on the distance from the target center can
be observed. These values exceed the Tin melting point, so the temperatures at the
target center will be surely much above the limit.

Results for all the NUMEN targets are reported in Table 3.2: the temperature
reached at the center of the target is higher than the melting temperature, for all
the isotopes.
This result is crucial and highlights the necessity of a more complex and power-
ful cooling system for the target, confirming the conclusions on the target tempera-
tures reached solving the heat equation in the stationary state. A stand-alone target,
pinched by a cooled frame, is not suitable for the very intense ion beams that will
be used for the NUMEN measurements: the following section shows an innovative
solution for the target cooling.
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TABLE 3.2: The temperatures reached at the center of the targets and
the isotopes melting points.

Target 116Sn 76Se 76Ge 116Cd 130Te

Maximum temperature [K] 14070 515000 25360 22920 1882000
Melting temperature [K] 506 493 1211 594 723

3.3 An innovative target cooling system

From the first evaluations of the heat produced by the INFN-LNS beams in the NU-
MEN targets, the importance of a powerful cooling system is clear.
Here the necessity of an efficient heat dissipation meets also the constraints related
to the needs of the other detectors placed near the target and the free room available
in the scattering chamber. As previously shown in Chapter 2, a gamma detector will
be placed around the target and the scattering chamber will be re-designed to host
the robotics for the target handling and exchange. Moreover, the whole scattering
chamber will be placed on a rotating platform that has a complex movement system
under the floor level.
This complex situation leads to the imperative exclusion of cooling hypotheses as
spinning targets. With that technology, the fast rotation allows to dissipate the heat
through thermal radiation, but a large target area is required to make the thermal
dissipation efficient. The NUMEN targets can not have extended surfaces, since it is
not easy to obtain large but uniform targets (and the thickness uniformity is a crucial
requirement, as explained in the following section). Moreover, the irradiated power
through thermal radiation goes as T4, so the physics process of dissipation is not
suitable to low melting point targets. Another reason to exclude rotating targets is
that the NUMEN target holder has to be vertically moved for calibration reasons:
the movement of a rotating system would be difficult [56].
For the NUMEN case, one of the most important problems in the dissipation of the
heat consists in the poor thermal conductivities of the target elements, that hampers
the heat transfer from the target center to the external cooled frame. To overcome
this problem, the possibility to add a substrate made of a material with high ther-
mal conductivity has been evaluated. The presence of a substrate could also act as
mechanical sustain to prevent any breaks of the thin target. The substrate must be
thin, to not excessively interfere in the detection of the ejectiles energy, and its ma-
terial element must not interact in reactions with large cross-sections at the energies
involved in the reactions under study in the NUMEN Project.

3.3.1 The substrate importance

An ideal material to be used as substrate is carbon, that can facilitate the heat transfer
offering an easy path to a cooled external frame, being light and with low density.
A carbon substrate can moreover act as post-stripper5, picking up electrons from

5A post stripper is a thin foil, placed downstream the target, that picks up electrons from the
crossing particle, increasing their electric charge. In this way, the magnetic rigidity of ejectiles different
from the ejectiles of interest (the DCE ones) can be changed: this is very useful when in the interaction
between the beam and the target are produced also particles that have magnetic rigidity similar to the
one of the ejectiles of interest. Indeed the post-stripper bend the trajectory of particles that are not DCE
ejectiles, directing them far from the detectors. In this way, these particles don’t create background
signals in the detectors[57].
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the ejectile and making it fully-stripped. For these reasons, carbon has been already
used as backing for targets during NUMEN Phase 1 and 2, even if cooling effects
were not required.
Among the different kinds of carbon allotropes, excluding diamond for handling
and cost reasons, the Highly Oriented Pyrolytic Graphite (HOPG) has been identi-
fied as the best solution.
HOPG is an artificial graphite made of graphene layers oriented from each other
with an angle smaller than 1◦. Thanks to this particularity, the in-plane thermal con-
ductivity is usually around 1950 W/(mK), while the conductivity in the direction
perpendicular to the surface is about 3 W/(mK). The high value related to the sur-
face conductivity is the searched key for the heat dissipation, allowing a fast transfer
of the heat from the target center to the substrate extremities. These very interesting
thermal properties are not crucially invalidated by the crystal damages usually due
to beam radiation; this fact makes the HOPG a good radiation-tolerant substrate for
a target submitted to very intense ion beams [58].
The HOPG surface is very smooth thanks to its layered nature: this fact is encourag-
ing for our substrate pourpouses, since the thickness non-uniformities could affect
the deposition uniformity.
The HOPG thickness has to be minimized to minimize effects as energy straggling
and dispersion (deeply described in the following section Energy Resolution) that af-
fect the resolution in the energy measurement of the DCE ejectiles. For this reason,
the thinnest HOPG on the market, around 2 µm thick, has been chosen.
The Optigraph company, that sells this very unique type of substrate, has not the
full control of the HOPG production mechanism for what concerns the thickness.
Moreover, the company does not have the possibility to use the suitable instrumen-
tations to perform precise thickness measurements of the sold HOPG samples. For
this reason, as shown in the following chapters, the thickness characterization of
each HOPG sample used as substrate is of crucial importance and the real sample
thickness can significantly deviate from the nominal one.
To evaluate the efficiency of a cooling system based on a HOPG substrate for the
target, the substrate presence has been implemented in the previously described nu-
merical code. A target 400 nm uniformly thick has been considered, with a 2 µm
uniformly thick HOPG substrate. The target system border is supposed to be kept at
a fixed cold temperature of 40K. This cold temperature can be easily maintained by
using a cryocooler, as explained later. The beam profile is supposed to be gaussian
(FWHM of 2 mm), with intensity 50 µA and energy of 15 AMeV.
The steady state is reached in a few tens of ms: graphics of figure 3.3 represent the

case of the 116Sn target fired by a 15 AMeV 18O beam with intensity 50 µm, showing
the temperature of the target when the beam starts and when the stationary condi-
tion is reached. They are 3D plots, where the planar coordinates indicate the target
plane and the vertical coordinate indicates the reached temperature. The beam is
supposed to hit the target at its center, represented by the (x,y) coordinates (0,0). The
graphic on the left shows the temperature distribution after 10−9 s from the beam
start: while the most of the target is still at the cold temperature of the cooling sys-
tem, the target center surface starts to be heated. After a certain time interval, here
equal to 0.02 s, the trend is more smooth because the temperature at the target cen-
ter is uniform along the thickness crossed by the beam; the temperature decreases
uniformly when approaching to the cooled target border.
This study has been done for all the targets, with the same boundary conditions
(Ebeam = 15 AMeV, Ibeam = 50 µA, Tcold = 40K, thicknesstarget = 400 nm, thicknessHOPG =
2 µm): results are reported in table 3.3, again compared with the melting points of
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FIGURE 3.3: Temperatures of the target, when sustained by a cooled 2
µm thick HOPG substrate, at the run start (left) and at the stationary

state (right).

the different target isotopes.
It can be observed that the found solution for the cooling of the target is sucessfull:

TABLE 3.3: The temperatures reached at the center of the targets
when sustained by a 2 µm thick HOPG substrate, which extremities

are mantained at 40K.

Target 116Sn 76Se 76Ge 116Cd 130Te

Maximum temperature [K] 368 1337 367 448 688
Melting temperature [K] 506 493 1211 594 723

all the targets reach maximum temperatures under their respective melting temper-
atures. The only exception is the 76Se target: it is reasonable to consider a decrease
of the beam intensity when studying reactions involving this target.
These promising results push to start with the target production. The best way to
produce the target system here designed is by the deposition of the target on the
substrate.

3.3.2 The target deposition

HOPG is not particularly suited to be used as substrate for material deposition: its
very smooth surface, although it is a good feature for the thickness uniformity, does
not facilitate an easy adhesion of a deposited layer of another material. For this rea-
son, the related bibliography is very poor: the study of the physics of the deposition
of different kinds of materials on graphite, made in the context of the NUMEN target
research, undoubtedly has been pioneering and challenging.
Considering the constraints related to the target, it must be stressed that only specific
isotopes of the target materials can undergo DCE reactions: the presence of other
naturally occurring isotopes of the same element would only introduce background
noise and must be therefore avoided. Materials which are artificially enriched with
a certain isotope (typically with purity > 99%) can be very costly; therefore, the cho-
sen deposition technique must be fit to use little quantities of it.
Lastly, the target deposition has to be as uniform as possible, so the deposition pro-
cess must be well controlled.
All these requirements lead to exclude common and largely used deposition tech-
niques as plasma sputtering [59].
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FIGURE 3.4: The two disks that form a frame shown separated and
then joined together, with also a graphite substrate pinched between

them.

The Electron-Beam Physical Vapour Deposition (EBPVD) technique has been chosen
instead.
The deposition is made by the evaporation of the target element by directing an elec-
tron beam on a crucible that contains the target element [60]. The amount of material
in the crucible can be small, limiting the costs, and the average reachable uniformity
on the deposition thickness can be around 5%.
To improve the surface adhesion between the graphite and the deposited layer,
the interposition of a buffer layer has been investigated and, in some cases, imple-
mented.
The first pioneering depositions of the target elements have been performed in col-
laboration with the Trustech Company, specialized in micro and nanotechnology.
The frames are placed upside-down on a plate, located in the upper part of the
evaporator machine. The evaporation process happens from below upwards, so one
side of the substrate pinched in the frame receives the deposition while the other,
shielded by the plate, does not.
The frame used to host the substrate for the deposition has been designed to clamp
tight the graphite, without causing folds or bendings. In figure 3.4 the frame can be
observed. It is formed by two disks with external diameter of 2.5 cm and 2 mm thick,
each having four screws holes. Both the disks have a central hole with diameter 1
cm. Once the two disks are joined together, the frame is placed on the evaporator
plate. One disk has two threaded holes to allow the union by screws with the other
disk; the other two holes are smooth (as the four holes of the other disk) to allow the
screwing of the whole frame to the plate used in the evaporator to hold the samples.
The central hole of the other disk has a countersink to avoid boundary effects in the
deposition.
This frame design allows to produce a final target system where the target is de-
posited only in the central area of the graphite substrate, complying with the target
design assumed in the thermal calculations.

Once produced, the prototypes of target systems have been carefully character-
ized with different and complementary analysis techniques: this research will be
described in the details in the following chapter, being the main topic of this PhD.
Before that, it is of crucial importance to discuss the role of the target thickness and
uniformity in the determination of the energy resolution in the NUMEN experiment.
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3.3.3 The Energy Resolution

For the NUMEN Project purpose, the correct evaluation of the DCE products en-
ergies is of crucial importance. For this reason, the measurement of the ejectiles
energies must be performed with very high resolution.
The required resolution depends on the ejectile isotope, but it is usually around 0.5
MeV [62]. The sum of all he contribution to the error must remain below this value.
In addition to this source of errors, there are two more contributes due to the ex-
perimental set up, related to accelerator and spectrometer. The beam provided by
the Superconducting Cyclotron is not monochromatic: with the current facility the
spread around the nominal value is around 1

1000 of the nominal energy. During the
R&D phase presently ongoing, magnetic optics and collimators are under study to
maintain or decrease the actual beam energy spread, even with increased beam in-
tensity. An equivalent contribute of 1

1000 is added during the reaction products de-
tection; it is mainly due to the detectors capabilities and to the algorithm used for
the tracks reconstruction in the MAGNEX spectrometer.
Since it is not feasible to reduce these contributes, the uncertainty due to the target
must be minimized. To understand the influence of the target system on the overall
energy resolution, the effects affecting the reaction product energy must be consid-
ered. The main two effects that affect negatively the energy resolution are dispersion
and straggling.

Dispersion

If a DCE happens, we can only know that it occurred in the target, but not the target
depth at which the reaction took place. Since the projectile and the ejectile nuclei
have different atomic number, their energy loss (ruled by the Bethe-Bloch law) in a
definite material thickness is different. Therefore, the depth at which the DCE reac-
tion takes place has influence on the energy loss by the ejectile in the target, so on
the cross-section evaluation.
In the reconstruction algorithm, it is assumed that the reaction happens in the ex-
act middle of the target thickness: this a-priori choice leads to an uncertainty that
contributes to the energy resolution. This uncertainty can be quantified with the
difference between the final energy of the ejectile if the DCE reaction occurs on the
target surface and the same energy in the case of DCE occurred at the end of the
target depth. It is clear that the thicker is the target, the more considerable will be
this difference between the two energies.
Since this effect is strictly related to the DCE occurrence, only the target is relevant
since no reactions of interest occur in the graphite substrate.
Graphics of figure 3.5 show an example of these dispersion studies. Here are re-
ported the calculations related to the DCE reaction 116Sn(18O,18 Ne)116Cd, with both
ejectile and target daughter in ground state. Three different exit angles of the ejectiles
have been considered: 1◦, 5◦ and 15◦ degrees from the beam axis. The beam energy
is supposed to be 270 MeV. The dependence of the ejectile energy on the depth of
the target at which the reaction occurs can be studied. It can be observed that for
small ejectile exit angles, the energy spread between the result of a DCE happened
at the target surface and the one resulting from a reaction occurred at the end of the
target is smaller than 10 KeV. This difference becomes significant when the exit angle
increases: at 15◦ the energy gap due to the dispersion is more than 2 MeV.
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FIGURE 3.5: The dependence of energy of the ejectile, exiting at 1◦,
5◦ and 15◦ degrees from the beam axis, on the reaction depth. Both

ejectile and target daughter are in ground state.
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Straggling

The straggling effect is related to the statistical fluctuations in the energy loss pro-
cess, since the number of collisions between the beam nucleus and the electrons of
the target atoms fluctuates. This effect results in a certain distribution of possible
final energies of the beam nucleus. Moreover, this effect depends, as the dispersion,
on the atomic number of the projectile: it means again that the change of the nucleus
atomic number induced by the DCE changes also the uncertainty due to the strag-
gling effect.
There are different models to evaluate this effect; in this study the gaussian model
has been used [61]. The standard deviation σstraggling of the energy spread added by
the straggling effect to the energy of the crossing particle can be estimated as:

σstraggling =
√

ξEmax(1− β2/2) (3.6)

where ξ is the mean energy loss and Emax is the maximum energy that an electron
can transfer in a single collision6. These two quantities can be calculated from the
electron charge e and mass me, the Avogadro number NA, the material density ρ and
its crossed thickness δx, the projectile mass mx, the projectile charge z, and the target
nucleus atomic number Z and mass number A:

ξ =
2πe4NAz2Zρδx

meβ2c2A

Emax =
2meβ2γ2

1 + 2γ me
mx

+

(
me
mx

)2 (3.7)

Straggling occurs both in the target and in the substrate and is proportional to their
thicknesses.

For the described reasons, the target thickness should be minimized to contain
the error in the energy evaluation. Nevertheless, it must be reminded that the target
thickness is proportional to the collected statistics, since the number of nuclei avail-
able to a DCE increases with the material thickness. The collected statistics is a sore
point in the NUMEN research, since the DCE cross-sections range from a nb/sr to
a few µb/sr. A possible approach is the beam intensity increase, but also here there
is an upper limit due to experimental possibilities and the large amount of heat pro-
duced in the target, as shown. Therefore the target thickness must be a compromise
between the required energy resolution and the collected statistics.
The substrate thickness must be minimized too, since no DCE can occur within it
and would only contributes to increase the error due to straggling.
Together with the thickness minimization, also the thickness uniformity of target
and substrate must be preserved. Indeed, a particle that crosses a valley of the target
(or substrate) will lose less energy than another one that meets, for example, a bump
of the target deposition. This will be traduced in a further broadening in the shape
of the energy distribution. A relevant non-uniformity could affect all the considera-
tions on the energy resolution and consequently on the DCE cross-sections studies.

6β is the relativistic quantity usually estimated as β = v
c . From β, γ is usually calculated as γ =

1√
1−β2

.
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Another possibility must be considered, when evaluating the overall energy res-
olution. As previously mentioned, the ejectile can exit from the DCE reaction in
different energy states. Every excited state different from the ground state will mean
a decreasing of the kinetic energy of the ejectile, shifting the whole energy distri-
bution to lower values. Even if it causes a rigid shift of the distribution and not a
spread of the energy peak, this possibility must be carefully taken into account.

To evaluate the energy separation between ejectiles coming from DCE resulted in
products at different energy states, kinematic evaluations have been done. The DCE
reaction has been supposed to happen in the middle of a 400 nm thick target: to
calculate the ejectile energy, the energy loss of the projectile before the DCE reaction
has been calculated, then with a kinematic calculation the energy of the ejectile right
after the DCE reaction has been established. In this calculation, the exit angle of the
ejectile has been considered to be in the range 1◦-15◦ from the beam axis. Finally, the
energy loss by the ejectile crossing the remaining part of the target has been evalu-
ated, giving the final energy of the ejectile. The contribution of the energy loss in the
substrate has been not taken into account, since it is a fixed contribution and does
not influence the energy separation between different ejectiles here studied.
Graphics reported below show the results for DCE with ejectiles exiting at differ-
ent angles, in different combinations of energy states of ejectile and target daugh-
ter. The graphics of figure 3.6 show this study performed for the DCE reactions
76Ge(20Ne,20 O)76Se and 130Te(20Ne,20 O)130Xe. Figure 3.7 shows the same study but
performed for the DCE reaction 116Sn(18O,18 Ne)116Cd. The beam energy is sup-
posed to be 270 MeV.

Observing the results at the same ejectile exit angle, the grapichs show that the
reactions more easily discriminated in energy are the ones resulting with both target
daughter and ejectile in ground state and the one related to both nuclei in the second
excited state; in these cases, the energy separation is around 5 MeV. The other types
of DCE are separated of at least 5 KeV from each other, with the only exception of
the reaction with the Sn target, where the combination ejectile in the first excited
state - target daughter in the second excited state and the combination ejectile in the
second excited state - target daughter in the ground state have energies different for
less than 2 KeV, if the ejectile exits at the same angle.
Concerning the angle dependence, it can be observed that the reactions resulting in
the same energy states combination, but with ejectiles exiting in the angular range
1◦-4◦, are not easy to be discriminated. The energy span between DCE reactions
occurred at the same products energy states but with ejectiles at different angles is
more or less fixed for all the energy states combinations. For reactions involving
Sn and Te targets, this energy gap is around 3 MeV, while for reactions with the Ge
target this difference is around 5.5 MeV.

The evaluation of the cumulative effect of all these contributes that affect the
overall NUMEN energy resolution is not so simple, since they have to be considered
together. To perform this study, a Monte Carlo simulation has been implemented.

The Monte Carlo code

The Monte Carlo code simulates the energy history of a particle that crosses the target
system, considering all the effects that can occur. To take into account the possi-
bile variations of the projectile energy different from the normal energy loss process
for ionization, the statistical events have been randomized, using theoretical models



36 Chapter 3. The NUMEN Target System

FIGURE 3.6: The energy of the ejectile exiting at different angles from
DCE resulting in products in different energy states, for the 20Ne

beam induced DCE.
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FIGURE 3.7: The energy of the ejectile exiting at different angles from
DCE resulting in products in different energy states, for the reaction

116Sn(18O,18Ne)116Cd.
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when present (as for the straggling effect evaluation).
Since the real estimations for the DCE cross-sections are still to be evaluated (this is
the goal of the NUMEN Project!), a flat statistics has been assumed: the ground state,
the first and the second excited states of the ejectile energy state have been assumed
as equally likely.
A detailed description of the code can be read in reference [62], here only the main
results will be reported.
For each prototype of the NUMEN targets, the physics features have been inserted
as inputs for the simulation, to evaluate if the required energy resolution would be
guaranteed if using that specific target system. It is important to note that the phys-
ical features of thickness and thickness uniformity of target and substrate used as
input for the simulations are the real values related to the first produced prototypes.
The evaluations of these features have been obtained with the target system charac-
terization procedure that has been designed and performed in the past three years,
and will be deeply discussed in Chapter 4.
Here are reported, as example, the Monte Carlo energy distributions for two target
systems, named C7 and C21. C7 is a prototype of Tin target, deposited on a substrate
of HOPG nominally 2 µm thick. The deposition thickness is 170 nm, with a consid-
erable thickness non-uniformity (around 62%)7. The substrate real thickness is 2.63
µm, with non-uniformity of 4%. The sample named C21 is instead a Germanium
target prototype, deposited on a thinner HOPG substrate. The Germanium deposi-
tion is 372 nm thick, with a non-uniformity of 14%; the substrate is 2.14 nm, with
non-uniformity of 5%.
Figure 3.8 shows the outcomes of the simulation for the target systems C7 and C21.

FIGURE 3.8: The energy distribution of the ejectiles, evaluated with
a Monte Carlo code: here the results for sample C7 (Tin) and C21

(Germanium).

In these graphics, each peak corresponds to a different combination of ejectile-target
daughter energy levels: since the simulation considers the first three energy levels
of the reaction products, nine combinations are possible. Each peak is fitted with a
gaussian, to facilitate the separation among the peaks. The red gaussians correspond
to a target daughter in the ground state, while green and blue gaussian fits are the
first and second excited states of the target daughter. The three peaks at higher ki-
netic energies correspond to the reactions that produce a ground state ejectile, while

7The thickness non-uniformity estimation will be deeply described in Chapter 4. The percentage
Rn−u here reported is evaluated as the ratio between the spread in the thicknesses distribution and the
average thickness.
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the triplet at lower energies is related to reactions resulting in an ejectile in the sec-
ond excited state.
The first plot of figure 3.8 shows the energy distribution of the 18Ne ejectiles after the
DCE reaction 116Sn(18O,18 Ne)116Cd. It is possible to notice that in each triplet the
second excited state of the target daughter is the most separated of the three energy
states; however, it is not easy to discriminate between the target daughter second ex-
cited state peak of the triplet related to the ejectile in the first excited state (blue peak
around 256.1 MeV) and the target daughter ground state peak of the triplet related
to an ejectile in the second excited state (red peak around 255.7 MeV). To enhance
the energy separation between the peaks, the target features of thickness uniformity
(very poor for this Tin prototype) should be improved.
The second plot shows the result of energy resolution obtained if the target system
prototype C21 would be fired by a 20Ne beam (the same colours are used in leg-
enda). The better uniformity of the Germanium deposition thickness allows a sce-
nario where the different energy states can be distinguished with high confidence.

3.4 The cryocooler cooling system

As described in the previous chapters, the NUMEN targets must be properly cooled
down to avoid a beam-caused melting. The found solution to quickly transfer the
heat from the target center, fired by the beam, to its boundaries is the deposition of
the target isotope on a HOPG thin substrate.
The analytical and numerical evaluations of the heat transfer gave successful and
promising results, as shown. These evaluations are, however, based on the boundary
condition of a cooling system that is able to keep the HOPG and target extremities
at a cold fixed temperature of 40K. The cooling system has also to face the spatial
requirements of the NUMEN scattering chamber that reserves a very limited free
space.
Different solutions have been considered and then discarded for spatial reasons and
constraints due to the integration with the detectors that will surround the target.
A reliable solution can be provided by a cryocooler based cooling system. A cry-
ocooler is a cooling device where a circuit with a refrigerant liquid, like liquid he-
lium, can cool down a cold finger at a fixed temperature [63]. This solution avoids
the footprint due to the presence of pipes with refrigerant liquid in the scattering
chamber. Moreover it easily allows the vertical movement of the sample placed on
the cold finger of the cryocooler, useful possibility during the calibration procedures.
The chosen cryocooler is able to dissipate up to 20W, keeping the graphite substrate
extremities at less than 40K. The details of the cryocooler placement and movement
can be found in reference [35]. The image on the left of figure 3.9 shows a section of
the scattering chamber together with the cryocooler and the actuator for its vertical
movement.

The target system will be host by a copper structure, that will be placed on the
top of the cryocooler cold finger, mounted with a bayonet coupling. The shape of
the target system holder has been optimized to facilitate the heat flow toward the
cryocooler cold finger, allowing a wide solid angle aperture for the gamma array
detector measurements. The image on the right of the figure 3.9 shows the copper
holder. The sample holder is shaped to accomodate four different locations. The one
at the center of the structure, near the cyrocooler cold finger, is the one devoted to
the target system host. On the top, three other spots are foreseen: one for a sample
of graphite for reference measurements, one for an alumina disk useful to check the
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FIGURE 3.9: On the left: a section view of the scattering chamber with
the cryocooler system. On the right: the copper holder that will host
the target system, the graphite sample and the alumina disks; all the

different components are show.

alignment with the beam and an empty hole to measure the background generated
by the copper structure.

3.5 The robotic system

After a certain time of data taking with a specific target system, the change of the tar-
get will be required to study another DCE reaction. Very intense ion beams will be
used in this NUMEN Phase, so the access to the experimental hall will be very dan-
gerous for radioprotection reasons. It will be not possibile to handle the used target
physically entering into the scattering chamber, since the materials in this experi-
mental area will be activated. For this reason, a robotic system has been designed to
remotely operate in the scattering chamber [46].
A robotic manipulator has been studied to remove the target system holder and
change it with a new one. It unscrews the target holder by the bayonet coupling and
then moves the copper frame out of the scattering chamber. Figure 3.10 shows the
robotic arm that clamps the holder by the top before the unscrewing process.

The robotic arm has been also programmed to move the used holder to its fore-
seen place on a bigger platform, designed to host a certain number of target holders
outside the scattering chamber. This platform moves on a sliding rail, guiding the
holders to a protected storage, where all the activated material will be stored until
the human manipulation will be safe. These complex movements have been care-
fully studied and simulated. The images of figure 3.11 show two moments of the
target holder transport to the radioprotected storage.
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FIGURE 3.10: The robotic manipulator clamps the target system
holder in the scattering chamber, before its unscrewing from the cold

finger of the cryocooler.

FIGURE 3.11: Two frames during the target holder exchange proce-
dure: in the first image, the target holder is removed by the scattering
chamber through the lateral door by the robot manipulator, while the
second image shows as the target holder is placed on the sliding plat-

form.
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Simulations of the cooling process of the copper frame containing the target by
means of the described cooling system have been performed by using the software
COMSOL Multiphysics [64]. These evaluations verified that if the copper holder
basis is kept at 40K, the graphite extremities will be maintained at the same temper-
ature even if the beam fires the target center [65]. Therefore, this complex cooling
system is able to preserve the target from the beam-caused melting and will be used
in the NUMEN Phase 4 experimental campaigns.



43

Chapter 4

Low Energy Ion Beams Analysis
Techniques

As previously described, the requirements of the NUMEN project related to the en-
ergy resolution demand for a very precise characterization of the physics feature of
the targets. To obtain an overall study of the target systems, different analysis tech-
niques can be exploited.
In this context, four different analysis techniques have been experimented, two nu-
clear based analysis and two microscopies. In this Chapter each technique will be
described, starting and focusing on the nuclear based ones, that are the focal point
of this PhD.
To exhaustively describe this research, a digression about the energy loss of low en-
ergy ions in matter is necessary.

4.1 Analysis techniques based on ion beams: a brief intro-
duction

A charged particle passing through matter loses a portion of its energy by ioniza-
tion processes1. Through the evaluation of this energy loss, calculating the stopping
power of that specific particle in the material, the crossed material thickness can be
deduced. These techniques allow to get very precise results of thickness and thick-
ness uniformity, not damaging the sample. For these reasons they constitute a very
useful (and diffusely used) tool for the analysis and the characterization of targets
involved in Nuclear Physics experiments, where the knowledge of the target thick-
ness is required with very high precision.
To perform accurate energy loss measurement, it is necessary to have an energy
loss large enough to be measured with good precision. Since the energy loss is pro-
portional to the thickness crossed by the charged particle, thin samples represent a
challenge in this type of research.
In these cases, low energy ion beams can be exploited, since their stopping power is
high enough to cause a significant energy loss in a limited crossed thickness.
Ion beams with energies of a few MeV are the best probe to study samples with
thickness ranging from tens of nanometers to a few micrometers, depending on the

1Charged particles crossing matter lose a portion of their energy through elastic and anelastic
collisions with atomic electrons and nuclei. The energy loss process can occur by ionization or by
Bremsstrahlung effect (negligible for heavy charged particles). If the particle mass is orders of magni-
tude higher than the electron mass, if the atomic electron that interacts with the charged particle can
be considered free and at rest, and if the transferred impulse in the interaction is small, the energy loss
occurs mainly by ionization. The average energy loss rate can be calculated through the Bethe Bloch
formula, used for relativistic particles. In the following more details are given.
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sample material.

In the first years of the XX century the scientific community made many dis-
coveries on the properties of ions. Examples are the ion induced X-rays emission
studied by Chadwick in 1912, the Rutherford scattering examined by Geiger and
Marsden in 1913 and the nuclear reactions investigated by Rutherford from 1919. It
was only in ’50s that these finds have been exploited for the analysis of samples. The
first measurements based on the Rutherford scattering process are reported in [66] in
1957, where proton and deuteron beams have been used for chemical analysis [67].
This study was the pioneer of a wide research that started in the ’60s and goes on
until today.
Ion beam analysis have a wide spectrum of advantages that make them largely used
until today. They can provide a large variety of information on the sample, as the
thickness, the thickness uniformity and the chemical composition. Moreover, they
are non-destructive, allowing different and repeated data takings on the same sam-
ple (in this way, different techniques can be exploited to study the same samples
different times, providing also redundant and cross checking information). Finally,
the beams that lose energy in the sample can be provided not only by particle accel-
erators, that anyway are increasingly diffused, but also by radioactive sources, more
easily used in small laboratories.
According to the beam features and energies, different types of studies can be per-
formed. In this PhD research, Rutherford Backscattering and Alpha-Particle Trans-
mission have been largely used and for this reason they will be subject of a following
section.
Before entering into the details of these two analysis techniques, a deepening on the
physics process of the energy loss is necessary.

4.2 Energy loss of low energy ions in matter: corrections to
the Bethe-Bloch formula

The energy loss of a charged particle crossing a medium can be referred to two dif-
ferent processes: one is the interaction with the medium nuclei (nuclear stopping)
and one is the energy loss to the medium electrons (electronic stopping). The second
contribution is usually greater than the first one, since the probability to interact with
an electron of a target atom is much greater than the probability to interact with a
nucleus. This evaluation leads to approximate the energy loss to the only electronic
component, ignoring any nuclear reaction between the beam ion and a target nu-
cleus.
For energetic light ions, with energy between 1 MeV/u and 10 GeV/u, the ion can
be assumed fully stripped (so its charge is due only to protons of the nucleus) and
moving much faster than target electrons [68]. In this case, the Bethe Bloch formula2

can be successfully used to evaluate the energy loss of a particle thorough matter,
adding small corrections. When the particle energy is instead lower than 1 MeV/u,
the Bethe-Bloch equation validity is compromised by charge neutralisation effects,
as described later.
The Bethe-Bloch stopping power equation is commonly expressed as:

2Again it must be reminded that the Bethe-Bloch equation considers only the electronic energy
loss.
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S =
kZ2

β2 Z2
1 L(β) (4.1)

where:
S is the stopping power.
k is a constant: k = 4πr2

0mec2 with r0 electron classical radius and me the electron
mass. In units of eV/(1015 atoms/cm2), k = 0.0005099.
Z2 is the target atomic number.
β is the relative ion velocity, β = v/c.
Z1 is the ion atomic number.
L(β) is the so-called stopping number, and contains the corrections to the energy loss
obtained for a basic two particles scattering.
The term L(β) is the sum of different correction terms, added to the original Bethe-
Bloch version of the stopping power formula:

L(β) = L0(β) + Z1L1(β) + Z2
1 L2(β) + ... (4.2)

Fano corrections

L0 is the correction made by U. Fano [69]. It contains the largest corrections, and it is
expressed as:

L0 =
1
2

ln
(

2mec2β2∆Emax

1− β2

)
− β2 − ln < I > − δ

2
− C

Z2
(4.3)

∆Emax is the largest possible energy loss in a single collision3, while < I > is
the mean ionisation term and corrects for the quantised energy levels of the target
electrons.
Moreover, Fano added two terms: the density effect correction δ/2 and the shell cor-
rection C/Z2.

The density effect takes into account that in dense materials the experimental stop-
ping power of relativistic high energy particles is less than the predicted [70]. Indeed
in solids, the dielectric polarization of the material modifies the particle field, result-
ing in lower stopping power values. The difference between theory and experiment
widens with increasing the particle energy or the crossed medium density. Since this
correction is relevant when the kinetic energy of the particle exceeds its rest mass, it
can be trascurated for low energy ions in common targets.

A term that instead is very important for low energy ions stopping power is the
shell correction term. It is added to correct for the Bethe-Bloch requirement that the
ion velocity is much larger than the target electron velocity and is evaluated through
the calculations of the interaction of the ion with electronic orbits. Indeed, when the
particle energy is no more relativistic, in the study of the collision between the ion
and a target atom each target’s electron orbital bonding has to be considered. For
protons with energies between 1 and 100 MeV, it is a large correction (up to 10%).

3Writing the ion mass as M1, the ∆Emax is:

∆Emax =

(
2mec2β2

1− β2

)[
1 +

2me

M1(1− β2)
1
2

+

(
me

M1

)2]−1

(4.4)
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FIGURE 4.1: Comparison between the two shell corrections in Ag tar-
get.

Shell corrections can be calculated with different approaches; the most common are
the Hydrogenic wave Functions (HWF) and the Local density approximation (LDA).
The Hydrogenic wave Functions technique describes the target electrons with hydro-
genic wave functions, resulting in a final shell correction that is the sum of contribu-
tions of each target electron, without correlation. The parameters of these equation
are obtained by experimental stopping data, while the Local density approximation
can be instead calculated without any free parameters.
The Local density approximation approach considers the target as a linear superposi-
tion of free electron gases, of various densities.
Figure 4.1 compares the two different approaches with the experimental data, for a
Silver target [68]: it is difficult to discriminate which shell correction is the best one,
and usually an average between the two is used as correction for the Bethe-Bloch
equation. The experimental data are quoted as accurate within 1%, even if the data
scatter is greater. The differences between the two C/Z2 approaches can change the
final stopping power for less than 1%. Note that the values reported are related to
the sum of the shell correction and the mean ionization potential4.

Barkas correction

L1 is the Barkas correction. It is multiplied to an odd power of Z1, so it is sensitive to
the ion charge sign. Even if it is a second order correction, it is significant especially
for low energy ions.
The Barkas term corrects the Bethe-Bloch assumption that the initial distribution
of target electrons is uniformly distributed about a quiescent atom. Indeed, when a
positive ion approaches to the target atom the electrons are attracted to the incoming
particle, while a negative ion repels them. This polarization of the target changes the
electronic density crossed by the ion, changing its energy loss (and stopping power).
Moreover, a particle with charge higher than 1 meets an electronic density different
from the one seen by a single-charge ion.
This effect becomes negligible for high energy ions (> 10 MeV/u), when target elec-
trons have no time to move before any interaction occurs. At low energies (< 1
MeV/u), the Barkas effect is difficult to isolate and evaluate, since the ion is neu-
tralized because it tends to pickup electrons from target atoms, as described in the

4Fano suggested to isolate the two components of the stopping power that require extensive and
complex theoretical model, i.e. the mean ionization potential and the shell correction, to evaluate
directly the sum from the comparison with experimental data [71].
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FIGURE 4.2: Barkas correction for He and p in Silicon.

following in "The low limit of the theory: particle neutralization".
The Barkas correction can be evaluated as:

L1 =
LlowLhigh

Llow + Lhigh
(4.5)

where Llow = 0.001E and Lhigh = (1.5/E0.4) + 45000/Z2E1.6 (E in keV/u). Figure
4.2 shows the Barkas correction values for He and p projectiles in Silicon [68]. The
agreement is well within the scatter of experimental data.

Bloch correction

L2 is the Bloch correction. This is the smallest correction to the Bethe-Bloch formula,
but it is still considerable for low energy ions.
Bloch studied the differences between classical and quantum-mechanical methods of
evaluation of the stopping of high velocity particles [72]. He distinguished between
two different types of interactions, depending on the impact parameter. At small
impact parameters, the interaction can be considered as the one between two free
particles, while at larger impact parameters some higher-order terms are necessary.
On the whole, this correction can be evaluated adding to the Bethe-Bloch equation
the term:

Z2
1 L2 = −y2[1.202− y2(1.042− 0.855y2 + 0.343y4)] (4.6)

where y = Z1
137β .

Relative magnitude of corrections for low energy ions and accuracy considera-
tions

All the corrections listed above have to be considered to obtain theoretical stopping
powers that correctly fit the experimental data, however not all these contributions
are of the same order of magnitude.
Table 4.1, related to protons, shows the percent contributions to the total stopping
number L, considering also their signs. The most important correction is the Fano
term, that affects the final value for more than 90%. The density term increases with
energy, while the Barkas and the Bloch ones are more important at low energies.
The same message is shown by the plot in figure 4.3, that shows the weights of the
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FIGURE 4.3: Contributions of corrections for Al target.

different corrections for an Al target [68].

TABLE 4.1: Percent contribution to L for low energy protons

Proton energy[MeV] L0 [Shell + ln < I >] δ/2 L1 L2

1 95.95 [-207] -0.0004 5.239 -1.187
5 98.84 [-126.1] -0.0007 1.308 -0.1479
10 99.25 [-107.3] -0.0016 0.8124 -0.0632
50 99.7 [-80.48] -0.0133 0.3116 -0.0101

Concerning the accuracy of the theoretical evaluation of stopping power data,
the experimental values lie within 3% of the calculated values for proton and He-
lium ions with different targets, while the agreement for Lithium particles is within
5%.

The low limit of the theory: particle neutralization

As previously mentioned, when the incoming ion has low velocity, it captures elec-
trons from the target that partially neutralize its nuclear charge. This possibility is
not considered in the Bethe-Bloch theory, that assumes the ion charge constant. Bohr
found out that the charge neutralization can be estimated by assuming that the ion
is stripped of all electrons whose classical orbital velocities are less than the ion ve-
locity. The charge change can be predicted using the formula:

Z∗1
Z1

= 1− exp
[
−v1

v0Z2/3
1

]
(4.7)

where Z∗1 is the statistical net charge, v1 is the ion velocity and v0 is the Bohr velocity
(25 keV/u) [73].

4.2.1 Stopping and Range of Ions in Matter

The Stopping and Range of Ions in Matter (SRIM) is a software package of programs
that calculate the interaction of ions with matter [74]. SRIM has born in 1980, as
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a program of Transport of Ion in Matter (TRIM) [75], that is even today its main
core. This package of programs have been implemented by James F. Ziegler and
Jochen P. Biersack, and since then it has been continuously updated. Indeed, every
six years the software is upgraded with new experimental data and theoretical con-
cepts, keeping SRIM one of the most used tool in radiation and nuclear research.
It is based on a Monte Carlo simulation that can evaluate the transport of a particle in
the matter. As input, it asks the particle features (or directly the beam characteristics)
and the target properties. It returns the range or the exit energy of the particle, its
spatial spread around its initial direction, the concentration of vacancies produced
by the beam, the sputtering rate and so on.
Moreover, the software has a database of experimental data related to stopping
power of many types of particles in a large variety of targets, including compounds.
It performs a fit of these data, combining it with theoretical models as the Bethe-
Bloch formula, to deduce an average stopping power. The software is very useful
for energy ranges where the simplest version of the Bethe-Bloch law, with the only
Fano correction, can not be successfully used, as the case of protons or alpha particles
with energy of a few MeV. The accuracy of the SRIM stopping power evaluations is
within 4%.
However, the program has some approximation that does not allow microscopic ma-
terial science studies: for example, it does not consider the crystal structure of the
target (all the materials are considered amorphous, with a few exceptions as for the
graphite) so the ion channeling effect is not taken into account.
In any case, the stopping power tables that SRIM can provide for low energy ion
beams were very useful for this PhD research, especially in the ion beam analy-
sis techniques called Alpha Particle Transmission and Rutherford Backscattering.
These two techniques have been largely used in this PhD project to characterize the
first prototypes of the NUMEN target systems. The following sections are dedicated
to their description.

4.3 Rutherford Backscattering

4.3.1 A little bit of history

The name of this analysis technique is due to Ernest Rutherford. He is considered
one of the Nuclear Physics fathers, since from the results of the experiments per-
formed on a thin gold foil, he deduced the atomic structure.
Between 1909 and 1914, Hans Geiger and Ernest Marsden conducted a series of ex-
periments on the transmission of alpha particles through metal foils [76].
They measured particles downstream the target that were clearly deviated from the
beam axis. This experimental result was firstly interpreted by the two scientists as
an imperfection in the alpha source used to provide the particle beam and, only un-
der suggestion of Rutherford, led to the decision to place a detector upstream the
sample. This second detector measured a certain quantity of particles that where
clearly backscattered by the sample.
The plum-pudding model of the atom, then in use, described the atom as a posi-
tive region with small negative particles spread around. This model was not able
to justify the alphas (positive particles) detected as backscattered by the Geiger and
Marsden experiments.
This backscattered signal was interpreted by Rutherford as a big mistake in the
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FIGURE 4.4: A schematic view of a backscattering experiment: the
ion beam fires the sample and its backscattered portion is detected by

a detector.

plum-pudding model: the atom had to have a positive massive (and single) par-
ticle, that can elastically collide with an alpha particle. Rutherford was outlining the
atomic nucleus, laying the foundations for a new model of the atom: in 1991 he de-
scribed his theory in the historic paper "The Scattering of α and β Particles by Matter
and the Structure of the Atom" [77].

4.3.2 RBS measurements

The Rutherford Backscattering (RBS) technique consists in detecting ions backscat-
tered from target atoms at a fixed angle, to analyze the thickness, the structure and
the elemental composition of the target under study.
When an ion enters in the sample, it has a certain probability to undergo a coulomb
interaction with a nucleus of a sample atom at a certain sample depth. If this in-
teraction occurs, the ion (that before the collision with the nucleus lost a certain
quantity of energy through coulomb interactions, depending on the crossed sample
thickness) is deviated from its trajectory and, according to the kinematics laws, loses
another portion of its energy (depending on the deviation angle). If the angle is such
that the ion is directed backwards, the ion will lose another portion of its energy
crossing backwards the sample. Therefore, in summary, the backscattered particles
have lost energy in three different steps: by ionization (before the scattering), by
kinematic recoil (in the scattering) and again by ionization in their return path (after
the backscattering).
The residual energy of the particle can be measured by a detector placed in front of
the sample, as in figure 4.4.
Usually silicon surface barrier detectors are used to detect low energy light ions used
for RBS measurements. This type of detector is made of a thin (hundreds of nanome-
ters) layer of p-doped silicon on a n-type substrate, creating a p-n junction [78]. From
the particle residual energy and the angle of detection, the depth at which the elastic
collision happened can be deduced and so, looking at the maximum reached depth,
the total sample thickness can be evaluated.
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4.3.3 Characteristics

As previously described, the energy loss process of the detected particle has three
different phases. Crossing the sample for the first time, the particle loses energy
for ionization; during the backscattering with the nucleus of a sample atom, the
particle loses energy according to the kinematic rules of the Rutherford elastic scat-
tering5; during its second crossing of the sample, this time directed to the detector,
the backscattered particles lose again energy by ionization. While the energy loss by
ionization is significant when crossed samples are made of heavy elements, during
the elastic scattering the energy loss is the smaller the heavier are the sample atoms.
This fact means that, if the sample (or its sustain) is made of an heavy element, the
backscattering measurements are to be preferred to the transmission ones in study-
ing thick samples.

One of the advantages of the RBS technique is that the study of the sample is
not influenced by the contribute of the sample sustain, since particles that have been
backscattered in the sample are easily discriminated from the ones that arrived to
the sustain and then have been backscattered. Obviously, the essential precondition
is that sample and sustain are made of different materials.
Since the kinetic calculations of the energy of a backscattered particle depends strongly
on the mass of the target nuclide, RBS spectra allows to clearly distinguish between
particles backscattered in different layers. This capability is crucial also in studying
samples made of several different layers. NUMEN targets lie in this case study: the
target deposition is made on a HOPG substrate and, in some cases, a buffer made of
another element (as Chromium or Bismuth) is deposited before the target to facili-
tate the target deposition adhesion. Even if the thicknesses of these two (or three, in
case of a buffer) layers are not known, a separated and well discriminated thickness
evaluation can be done for each layer, performing a single RBS measurement of the
whole sample.

Thickness evaluations are performed with beams of light charged particles, as
alphas and protons. To study the thickness of thin samples with high precision, it
is necessary to have a high stopping power, to observe a considerable energy loss
of the beam inside the sample. For this reason, the beam energy must not exceed a
few MeV, and an alpha beam should be preferred to a proton beam to study a very
thin layer. Proton beams are used when the thickness of the sample is larger, but the
requirement on the accuracy of the thickness evaluation is not very stringent.
It must be carefully verified that there are not other types of reactions between beam
and target that can constitute a background source. A common example are the nu-
clear resonances: for instance, when using a low energy proton beam on a carbon
target, a peak appears in the energy distribution of the backscattered protons, due
to a nuclear resonance at 1.7 MeV in the interaction between a Carbon nucleus and
a proton of the beam. In these situations, the beam energy must be changed and
shifted to avoid the resonance energy.
Figure 4.5 shows a schematic example of RBS energy spectrum, to better understand
how the information on the sample are extrapolated. Here a sample made of a 400
nm Tellurium deposition on a 5 µm thick HOPG substrate has been supposed, fired
by a 2.2 MeV proton beam, detected when backscattered at 150◦. The right part of
the spectrum is related to the Tellurium deposition, fired by the beam first, while the

5The mathematical calculation of the kinematics of the scattering is deeply described in Appendix
A.



52 Chapter 4. Low Energy Ion Beams Analysis Techniques

left contribution is the one related to the graphite substrate.
The right edges of each contribution are due to the kinematic scattering between
the beam and the sample layer (target or substrate): the beam is backscattered at the
layer surface, without crossing it, so the energy loss is only related to the backscatter-
ing collision. These edges are called kinematics edges. Since the backscattering energy
is well established by the kinematics, there are no reasons for a spread of the right
edge around the predicted energy value: the edge should be perfectly vertical. If it
is not, the slope is due to electronics noise of the acquisition chain.
In each contribution, on the left of the kinematics edge, the spectrum shows a plateau,
which is usually leaning due to the beam attenuation while crossing the layer. This
part is due to the particles that enter in the layer and, after crossing a certain thick-
ness, are backscattered and returned to the detector.
Going on in observing the RBS spectrum from right to left, each layer contribution
has a left edge. This edge corresponds to the particles that have crossed all the layer
and, at the end of the layer have been backscattered to the detector. The slope of
this edge is influenced not only by the electronics noise, but also by the layer thick-
ness uniformity. Indeed, if the layer has not the same thickness in all the surface
fired by the beam, it is possible that some beam particles see a certain total thick-
ness, while others meet the same thickness plus a bump and lose a little bit more
energy. This non-uniformity causes slightly different final energies of the backscat-
tered particles, resulting in a slope of the left edge. Even if this slope is related to
the thickness non-uniformity, it is not trivial to desume a quantitative estimation of
the non-uniformity from the RBS spectrum since also other effects contribute to this
slope (as the electronics noise, but also the beam attenuation). To perform this study,
complex simulations are necessary: there are dedicated software able to perform
these evaluations, as SIMNRA [79], but this type of research is not of interest for our
purpose.
After crossing the first sample layer, the beam not already backscattered meets the
underlying substrate. A portion of the beam is immediately backscattered at the sub-
strate surface; if the mass of the nuclei of the first thin layer is consistently heavier
than the mass of the substrate nuclei, the energy separation between the two parts
of the spectrum is big (as in figure 4.5) since the energy losses of the projectile in
the elastic backscattering with the first layer and with the substrate are consistently
different.

The average layer thickness can be derived by the left edge of its contribution to
the RBS spectrum. Since the edge is not perfectly vertical, the average energy can be
assumed as the energy of the projectile that has crossed the whole layer and has been
backscattered at the end of the layer thickness. Remembering that the Bethe-Bloch
law can not be used in the typical energy range of the beams used for RBS, SRIM
experimental tables of stopping power have been used.
I implemented a code in the C++ programming language, using the CERN frame-
work called ROOT [80], that determines the suitable stopping power according to
the projectile energy6, and then from the exit energy of the projectiles and the detec-
tion angle returns the sample thickness. The thickness desumed from a RBS spec-
trum is always an average thickness, since it is calculated from an average energy.
This code allows a quick on-line thickness determination, while the RBS spectra are
acquired, and has been used for the data takings in INFN-LNL.
The channel of the kinematic edge is always checked, online and then offline when

6Since the SRIM stopping powers at low energies are experimental tables, to determine the stop-
ping power at a certain projectile energy the interpolation between the closer table values has been
done.
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FIGURE 4.5: A schematic example of an energy spectrum acquired
with RBS measurements performed with a 2.2 MeV proton beam on
a sample made of a Tellurium target (400 nm thick) on a HOPG sub-

strate (5 µm thick). The backscattered beam is detected at 150◦.

the complete spectrum has been acquired, to verify that the energy calibration is still
correct and no electronics or beam drift happened.

4.3.4 The RBS study on the NUMEN target prototypes

During my PhD, I was the main responsible of the RBS analysis on the first NUMEN
target prototypes produced in Torino. This type of analysis has been performed
systematically on the prototypes, since it can provide a lot of information that are
complementary to the ones collected with Alpha Particle Transmission studies (de-
scribed later).
The RBS results on the NUMEN target systems will be shown in Chapter 6. These
measurements have been performed in the INFN laboratories of Legnaro (INFN-
LNL), at the accelerator AN2000. This facility provides proton and alpha beams
with energies up to 2.2 MeV and 2 MeV, respectively.
For our purpose, we used an alpha beam of 2 MeV to study the target depositions,
since the accuracy on the deposition thickness determination is crucial. This beam is
particularly useful also to detect the buffer deposition, when present, that is usually
around 10 nm thick. The proton beam has been exploited at 2.2 MeV to study the
HOPG backings, thicker than the target depositions.
Both alpha and proton beams have a circular spot with diameter of around 1 mm;
the beam position has been checked before every data taking by firing a graph paper
placed on the samples sustain. The graph paper can be seen in the right photograph
of figure 4.6.
The beams have been detected at 150◦ or 160◦ from the beam line, with an AMETEK
ion-implanted silicon detector.
Figure 4.6 shows pictures of the AN2000 scattering chamber. The picture on the left
is the scattering chamber, with the rings for the movement of the sample holder in
the three axes. The picture on the right shows one side of the sample holder: samples
are pinched with thin clips and the point to be analysed can be determined through
the graph paper. The two samples in the picture are two of the NUMEN target pro-
totypes, clamped in aluminium holder of external diameter of 2.5 cm. Four NUMEN
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FIGURE 4.6: On the left: the AN2000 scattering chamber on the 160◦

line. On the right: one side of sample holder with two NUMEN target
prototypes.

samples can be placed in the same time in the scattering chamber and then fired by
the beam one at a time (thanks to the possibility to move vertically and horizontally
the holder without breaking the vacuum). This reduces considerably the dead time
for the vacuum operations.
Before every data taking, an energy calibration has been performed, acquiring the

RBS spectra of samples whose chemical composition was well known. Through the
determination of the channel of the kinematic edge, the calibration channel-energy
can per determined (since the recoil energy of the beam particle on that element is
known from kinematics calculations). Usually calibration samples made of elements
with different masses are used, as Silicium, Ruthenium, Copper, Titanium and Car-
bonium.
Figure 4.7 shows the RBS spectrum acquired with an alpha beam of 2 MeV on the
target prototypes called C21, made of a Germanium deposition on a HOPG sub-
strate nominally 2 µm thick. The average deposition thickness calculated from the
left edge of the RBS spectrum results to be 355 nm. The analysis of the kinematic edge
confirmed the Germanium composition of the target layer.

The RBS technique, however, can not easily provide information on thickness
uniformity. As previously mentioned, in order to evaluate the sample thickness uni-
formity complex simulations of the RBS process have to be performed, including
precise information on the beam and an hypothesis on the thicknesses distribution
of the sample under study.
For this reason, it is very important to accompany the RBS analysis with another
technique, where the beam is measured in transmission. The following section will
describe the technique of Alpha Particle Transmission.
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FIGURE 4.7: The RBS spectrum of the sample C21.

4.4 Alpha Particle Transmission

As the previous chapter shows, the energy measurement of the beam backscattered
at a certain fixed angle by the sample gives information on the sample thickness
and its elemental composition. Another type of technique involving low energy ion
beams, useful to perform a study complementary to the RBS one, requires instead a
detector placed downstream the target. This type of measurement detects the beam
transmitted through the sample, instead of the one backscattered, and, through the
evaluation of the energy lost by the beam in its crossing, provides information on
the sample features.
The details reachable by the detection of the transmitted particles are related only
to the sample physics, and not to its chemical features (as the elemental composi-
tion): this technique can provide accurate evaluations on the sample thickness and
its thickness uniformity.
Figure 4.8 shows a schematic example of a set-up designed to perform particle trans-
mission measurements.
The ion beam crosses the sample, losing energy mainly by ionization, and reaches

the detector placed downstream the sample. The detector is usually made of Silicon
as the ones used for RBS measurements since the beam energy ranges are the same
to guarantee high stopping powers. The detector measures the residual energy of
the transmitted beam. From the evaluation of the beam energy loss, information on
the sample thickness can be extrapolated.
Since there are no interactions that cause an instantaneous energy loss depending on
the particle mass, as the Rutherford scattering in the RBS process, the energy spec-
trum of transmitted particles do not provide separated information on the different
layers of the crossed sample. For this reason, if the target under study has (as in
the NUMEN case) a substrate, the thickness evaluations related to the target alone
can be deduced by a two-steps sample characterization, as deeply described in the
following section.

4.4.1 The Alpha Particle Transmission studies on the NUMEN target pro-
totypes

The detection of particles transmitted through a sample represents a fundamental
tool to characterize thin samples.
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FIGURE 4.8: A schematic view of a particle transmission measure-
ment: the ion beam fires the sample and its transmitted portion is

detected by a detector.

Usually, the beams used for transmission measurements are made of light particles,
as protons or alpha particles. In the case of very thin samples, as the NUMEN tar-
gets, an alpha beam must be preferred because of its higher stopping power. If the
samples thickness is around a few micrometers or less, the light ion beam energy
can be of the order of a few MeV. This energy range guarantees that the projectile
crosses the whole sample, being then detected by a detector placed downstream the
sample, but also that the energy loss is high enough to be easily determined.
Since the NUMEN target systems prototypes are small disks with a 2.5 cm diame-
ter, a small scattering chamber is suitable. A vacuum chamber of 0.5× 10−4 m3 can
easily host both the sample and the silicon detector, and a standard vacuum pump
is able to empty the chamber until a vacuum of 2× 10−3 mbar. Also the electronics
chain for the data acquisition consists in few electronics modules, that can be hosted
by a single crate. These considerations lead to design a set-up for particle transmis-
sion measurements in a small laboratory of Nuclear Physics.
If the instrumentation is host by a small academic laboratory, the only constraint is
about the beam. Obviously the beam can not be provided by a big accelerator; ra-
dioactive sources can, however, successfully be used in this type of research. In this
context, sources that emit alpha particles of a few MeV are the best solution, as the
isotope 241 of Americium and the isotope 148 of Gadolinium.
In the Dipartimento di Scienza Applicata e Tecnologia (DISAT) of the Politecnico of
Torino, the laboratory of Nuclear Physics has be organised in order to host an exper-
imental apparatus suitable to perform Alpha Particle Transmission (APT) studies.

The apparatus

The APT measurements performed on the NUMEN target system prototypes have
been performed in the aforementioned laboratory. During my PhD, I was the main
responsible of this research, from the optimization of the experimental set-up to the
acquisition of the measurements and the related data analysis.
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The experimental set-up consists in a vacuum chamber, a silicon detector, a set of
two alpha sources, a set of two collimators, a vacuum pump, an electronics chain to
acquire and process the detector signals and a computer for the software acquisition.
The vacuum chamber is the Model 807 of the ORTEC Company, with a volume of
0.4 m3.
The aluminium and stainless steel chamber can be opened from above, removing
the top circular part. On this removable part, there is the connector for the silicon
detector, that after being screwed in this position remains in the chamber. This con-
nector provides the detector power supply and also carries its output signal. On the
lower part of the chamber, there is the connection to the vacuum pump.
The used vacuum pump is the model RV12 of the Edwards Company [81] and is
placed on another table from the one that hosts for the vacuum chamber, to avoid
mechanical vibrations.
In the center of the vacuum chamber, a movable support hosts the radioactive source
and the sample (and, eventually, a collimator). This vertical sustain for the source
and sample support has a graduated scale to measure the precise position of the
support respect to the detector. The distance between the source and the detector
during all the APT measurements shown in this Thesis has been mantained at 31
mm.
Figure 4.9 shows the support, that is fixed to the top of the chamber (here moved out
of the chamber). On the support the 241Am source is visible, while under the cham-
ber top circular part the silicon detector can be seen. From the top, the cable for the
detector power supply and its output signals comes out from the vacuum chamber.
Figure 4.10 gives another view of the apparatus, showing also the chamber connec-

tion to the vacuum pump.
The alpha beams are provided by a 148Gd source and a 241Am source. The first

one is used only to perform the energy calibration of the apparatus, together with
the Americium source. The first emits alpha particles of 3.18 MeV with an activity of
1.911 kBq, while the second emits alpha of 5.486 MeV and 5.443 MeV with an activity
of 1.997 kBq. These activities allow to gather a large enough statistics in a reasonable
time: to acquire an energy spectrum with around 14000 events, using a collimator
between the source and the sample, one hour and a half is enough. The Gadolinium
alphas energy is too low to allow them to cross the NUMEN target system, so only
the Americium source is used for the thickness measurements. Since the energies
of alpha particles emitted by radioactive sources are very low, the sources are not
shielded and have to be handled with the appropriate attention. In any case, their
dimensions are small (the diameter of the active area is 5 mm, while the entire disk
is 2.5 cm in diameter), so they can be easily placed in the dedicated support of the
vacuum chamber.
Two circular collimators have been used, to study different areas of the same sam-
ple: one collimator has the hole placed in the center, while the second has the hole
2.8 mm from the center. Through appropriate signs on this last collimator and on
the sample, it is possibile to study four different lateral areas of each sample, ro-
tating the collimator respect to the sample. Each mutual position is numerated, to
allow a following repositioning of the collimator in the same point of the sample, to
study again the sample in a following time. Figure 4.11 shows a picture of these two
collimators.
The collimators have an external diameter of 2.5 cm and a hole with diameter of 2.8

mm to have a beam spot similar to the one of the NUMEN beam in Phase 4. The ex-
ternal dimensions of collimators are the same of source and target sample, in order
to easy the displacement of the three objects in coincidence one on top of each other.
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FIGURE 4.9: The internal part of the vacuum chamber, with the
holder for the source and the sample, and the silicon detector.

FIGURE 4.10: The internal and external parts of the vacuum chamber,
disassembled, ant the connection to the vacuum pump.
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FIGURE 4.11: The two collimators used to analyse small sample areas.

The detector is a ion-implanted silicon detector of the AMETEK Company, named
BU-012-050-100, with a positive bias voltage of 70V. It has an active area of 50 mm2

and a minimum depletion depth of 100 µm. Its measured energy resolution with
the electronics chain used for the acquisition, in FWHM, is around 14 keV (when
detecting particles coming from the 241Am source). The measurement of the detec-
tor resolution is performed before every data taking through the acquisition with
the two sources without sample; these preliminary measurements are useful also to
perform the energy calibration.
Figure 4.12 shows the channel related to the peak of alpha particles coming from the
241Am source, in dependence on the bias voltage provided to the silicon detector.
This graphic can be used as an efficiency plot: it confirms that the opportune detec-
tor bias is around 70V, as the silicon detector user manual suggests.
The detector bias supply is supplied by an ORTEC module (Model 428), with noise

and ripple lower than 0.0002% and a temperature stability of 0.03%/C◦ between 0◦

and 50◦ [82].
The detector signal, extracted from the top part of the vacuum chamber, is processed
by a pre-amplifier (ORTEC model 142, which details can be found in [83]).
After the pre-amplifier, the signal is processed by an ORTEC amplifier (model 575A),
whose performances can be read in [84].
The acquisition is then finalized through the Multichannel Analyzer Emulation Soft-
ware (MAESTRO) [85], installed on a computer fully devoted to the data acquisition.
It has a user-friendly interface that allows to start and stop the acquisition and has an
on-line display of the acquired events, that fill a channels-counts histogram. During
the following data analysis, through the energy calibration related to the day of ac-
quisition of that specific MAESTRO spectrum, the channels histogram is converted
in an energies histogram. This energy spectrum is studied for the thickness evalua-
tions, as explained in the following.
Figure 4.13 shows a schematic view of the whole set-up of APT instrumentation.

It has been observed that the energy resolution of the detector is sensitive to the
environment temperature, because the electronics chain for the detector data acqui-
sition is probably sensitive to it. Figure 4.14 shows two graphics that report the
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FIGURE 4.12: The channel peak of the Americium alphas in depen-
dence on the voltage bias.

FIGURE 4.13: Sketch of the APT instrumental set-up.
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FIGURE 4.14: Americium and Gadolinium peak channels in a time
span of three years.

FIGURE 4.15: Sketch of the APT instrumental set-up.

channel related to the main emission peak, for each source, depending on the day.
These graphics highlight an oscillation in the detector performance. For the first op-
erational period of the detector, from July 2018 to December 2018, the peak channels
of both the sources where higher than the value measured from February 2018, due
to a change in the amplifier gain. During the summer seasons, probably when there
is an abrupt temperature increase, the peak channels are lower and tend to stabilize
when the room temperature is more stable. Observing the graphic of figure 4.15, that
report the standard deviation of the main peak of the two sources7, depending on
the day, it can be observed that in July 2019 a big perturbation occurred. This abrupt
change has not an equivalent in the peak channels of 4.14, so probably there was not
a big shift in the channel axis, but only a broadening of the peaks. The reason is not
clear and probably was not only related to a temperature increase (since in summer
2018 and 2020 this strange behaviour was not detected); maybe an electromagnetic
noise from a near laboratory contributed.

7The energy peak of the source spectrum can be fitted by a Gaussian function. From the fit, the
standard deviation can be extrapolated as estimator of the peak spread (due to the detector and elec-
tronics chain noise)
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The procedure to study the NUMEN target prototypes

As previously explained, the NUMEN target prototypes are very particular sam-
ples, made of different layers that have to fulfil more or less strict requirements on
the thickness and thickness uniformity.
To satisfactorily analyse these special target systems, I’ve worked to design an APT
procedure that leads to a complete characterization of the sample. Indeed it must
be highlighted that my PhD research has been an R&D study, needed as pioneer to
outline a characterization procedure that the INFN-LNS laboratories (that will pro-
duce the NUMEN targets with the needed isotopes during the Phase 4) could use
to analyse the targets before submitting them to the ion beams. The design and op-
timization of this type of study will be transferred to the INFN-LNS laboratory, as
a consolidated method to get accurate informations on the physics features of the
NUMEN target systems.
The whole study of the target prototypes will proceed through 3 steps: the energy
calibration, the energy distribution measurement and the thickness and uniformity
measurement.

The energy calibration
As previously mentioned, before the first data taking of the day the energy calibra-
tion is performed.
Spectra with only the source (once the 241Am and once the 148Gd), without any sam-
ple, are acquired. Through the evaluation of the peak channel, since the alpha ener-
gies of the two sources are well known, the calibration can be performed.
Depending on the room temperature and, maybe, on the electromagnetic noise due
to the instruments used in the near laboratories, the peak channels can slightly shift
or widen. For this reason the energy calibration has to be checked every day.
Figure 4.16 shows the APT spectra of the two sources, before the calibration. The
source peaks should be lines, since each emission is monochromatic; the peak spread
is due to the electronics noise of the acquisition chain. This spread can be an esti-
mator of the error due to the noise: assuming the main Americium and Gadolinium
peaks as gaussians and fitting them, the peak standard deviation σnoise can be de-
rived. The standard deviation σnoise is extremely important in the determination of
the sample thickness non-uniformity, as explained in the following.
Figure 4.16, for example, shows the calibration procedure performed on November
19th 2020. The σnoise have been estimated as 6.4 keV for Americium and 4.7 keV for
Gadolinium8.

The energy distribution measurement and the thickness determination
After the calibration procedure, the thickness measurements can be performed.
Before the target deposition, the substrate alone must be studied in order to subtract
its contribution when the entire target system (target+substrate) will be produced
but only the target features will be subject of study.
As an example, in the following we report the plot of 4.17, which shows the APT

energy spectrum acquired with a substrate of HOPG nominally 2 µm thick. This
HOPG layer has been prepared and studied to be the substrate for a Germanium
deposition, named C21. Here the collimator with the central hole has been used.

8This difference in the peaks width is related to the slightly different detector response at different
energies.
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FIGURE 4.16: Americium and Gadolinium APT spectra.
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FIGURE 4.17: The C21 APT analysis before the target deposition.

The black points are the experimental data, while the red line is a Crystal Ball fit.
The Crystal Ball functions f (x; α, n, x̄, σ) [86] are the best solution to fit the APT
distributions, that have an asymmetric gaussian-like shape. This functions family
has been developed by the scientific collaboration of the Crystal Ball experiment at
CERN to describe a wide range of energy loss processes in high energy physics. The
Crystal Ball functions have a gaussian core and a power-law tail and depend on four
parameters; equations 4.8 give their formulation.

f (x; α, n, x̄, σ) = N e−
(x−x̄)2

2σ2 for
x− x̄

σ
> −α

f (x; α, n, x̄, σ) = N A
(

B− x− x̄
σ

)−n

for
x− x̄

σ
≤ −α

(4.8)
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FIGURE 4.18: Examples of Crystal Ball functions changing the param-
eters.

where the parameters are given by formulas 4.9, being erf the error function.
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(
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2

))
(4.9)

Figure 4.18 shows examples of the Crystal Ball Functions, plotted changing the pa-
rameters.
Coming back to the APT spectrum, the Crystal Ball fit allows to estimate the peak

energy and its spread σ. For the sample here shown, the fit converged and its out-
puts were 5122.45 keV for the peak energy, with an error of 0.01 keV, and 18.60 keV
for the σ, with an error of 0.01 keV.
While from the peak energy the average thickness of the sample can be deduced, the
σ value is extremely important to determine the thickness non-uniformity.
To extrapolate the average thickness, since the alphas energies are outside the Bethe-
Bloch validity range, the SRIM stopping power tables for low energy alpha particles
in graphite can be used. In order to speed this evaluation, I implemented a code, in
the C++ programming language, in the CERN framework ROOT.
This code, starting from the exit energy of alpha particles, calculates the crossed



4.4. Alpha Particle Transmission 65

FIGURE 4.19: On the left, the energy spectrum acquired with the
Americium source is shown. On the right, the spectrum related to
a 5 µm thick HOPG substrate is reported. The spreads of the two

peaks are different of around one order of magnitude.

thickness in the target material (specified as input of the calculation)9.
For the present case, the thickness of the substrate of C21 is 2.130 µm.
To evaluate the thickness non-uniformity, the σ can be used. Before proceeding to
the explanation of the non-uniformity calculation, it is important to make a brief
digression on the detector resolution.

From the energy distribution to the thickness and uniformity distribution
Indeed, to make a correlation between the alpha energy spectrum and the sample
thickness spectrum, it must be assumed that the detector resolution is good enough
to assume the detector response as a Dirac delta. This approximation can be done,
if the energy spread related to the detector response is at least around one order of
magnitude smaller than the spread due to the sample thickness non-uniformity.
This difference is verified and can be observed in figure 4.19, where the energy distri-
bution related to the source and the energy distribution acquired with a HOPG sub-
strate can be observed. On the left, the spectrum related to the Americium source is
shown: the σdetector, estimated through a gaussian fit, is around 6 keV. On the right,
the energy distribution of the HOPG substrate of the prototype B12 is shown: the
peak spread σ, estimated through a Cyristal ball function, is around 40 keV. This
situation is verified for all the target systems.

In the following discussion, Nα is the number of the α particles emitted by the
source that pass through the sample, s is the thickness of the sample passed by the
α particle, Eα is the energy of the emitted α particle, E(Eα, s) is the energy of the α
particle after passed a thickness s and F(s) is the distribution of the thickness of the
(non-uniform) sample.

9The code calculates the energy loss by the alpha particles in the sample as a sum of small energy
losses, occurred in infinitesimal spatial paths. Each small energy loss (the step is chosen as input)
is determined by extrapolating from the ICRU tables (contained in the SRIM software) the stopping
power related to that specific energy of the charged particle. A linear fit between two table values
is performed to get the exact stopping power at that specific energy). The code starts its calculation
supposing a very thin sample and evaluates the final energy of an alpha that would cross that sample.
Then it compares this final energy with the real final energy given as input by the user. If the real
energy is lower than the calculated one, the code updates the hypotized sample thickness to a thicker
one, and starts again the calculation. When the two energies (the calculated one and the input one) are
the same, or the calculated one is slightly thicker than the real one, the hypotized thickness is assumed
as the real thickness of the sample. This logic procedure is the same of the code that I implemented for
the analysis of the RBS spectra.
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The goal here is to find the distribution F(s) of the thickness of the (non-uniform)
sample from the measured distribution dNr(Er)

dEr
of the measured energy Er of the α

particles passed through the sample.
The number of α particles, which pass through a thickness in the range (s, s + ds) of
the (non-uniform) sample, is given by

dNα(s) = Nα F(s) ds (4.10)

Taking into account that the relationship E(Eα, s) between the travelled thickness s
and the final energy E is bi-univocal (through the Bethe-Bloch formula or SRIM ta-
bles), we can invert this relationship into E(Eα, s)→ s(Eα, E). Equation 4.11 becomes

dNα(s) = Nα F(s)
ds
dE

dE = dNα(E) (4.11)

where dNα(E) represents the number of α particles, which exit from the target with
an energy in the range (E, E + dE).
If an α particle exits from the target with energy E, a silicon detector measures an
energy Er distributed around E with a distribution function Gσr(E, Er), typical of the
detector. Therefore, the number of particles d2Nα(E, Er) detected with energy in the
range (Er, Er + dEr) among the number of particles dNα(E), is given by

d2Nα(E, Er) = dNα(s) Gσr(E, Er) dEr = Nα F(s(E))
ds(E)

dE
dE Gσr(E, Er) dEr (4.12)

Integrating 4.12 over all the exiting energies E, we obtain the number dNr(Er) of α
particles detected with energy in the range (Er, Er + dEr):

dNr(Er) =
∫ E=+∞

E=−∞
d2Nα(E, Er) = Nα dEr

∫ E=+∞

E=−∞
F(s(E))

ds(E)
dE

dE Gσr(E, Er) dE

(4.13)
The distribution function Gσr(E, Er) of the silicon detector of the APT setup of Po-
litecnico looks very similar to a narrow Gaussian with σr ∼ 5 keV:

Gσr(E, Er) =
1√

2π σr
e
− (E−Er)2

2σ2
r (4.14)

Since σr ∼ 5 keV is much smaller than the width of the transmitted α spectra (about
one order of magnitude less), the following approximation can be done:

Gσr(E, Er) =
1√

2π σr
e
− (E−Er)2

2σ2
r ∼ lim

σr→0

1√
2π σr

e
− (E−Er)2

2σ2
r = δ(E− Er) (4.15)

In this approximation, equation 4.13 becomes

dNr(Er)
dEr

= Nα

∫ E=+∞

E=−∞
F(s(E))

ds(E)
dE

δ(E− Er) dE = Nα F(s(Er))
ds(Er)

dEr
(4.16)

From equation 4.16 the distribution of the thicknesses can be derived

F(s(Er)) =
1

Nα

1
ds(Er)

dEr

dNr(Er)

dEr
=

1
Nα

dEr

ds
dNr(Er)

dEr
(4.17)

Equation 4.17 shows that the thickness distribution function F(s) is equal to the mea-
sured spectrum multiplied by the energy loss rate dEr

ds (apart a normalization factor).
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If the mean rate of energy loss (stopping power) is described by the Bethe-Bloch for-
mula and the thicknesses are very thin, the function dEr

ds can be approximated by a
constant and the spectrum of the detected α particles has the same shape as F(s):

ds(Er)

dEr
= cost → F(s) ∝

dNr(Er)

dEr
(4.18)

In this case, the standard deviation of the thickness is proportional to the standard
deviation of the spectrum and is easily calculated.
Remark: even if all the NUMEN target systems (both HOPG substrates and isotopic
targets) are very thin, nevertheless the energy loss rate is not exactly constant and
the F(s) distribution is deformed, showing an asymmetric enhancement in the lower
energy tail. This asymmetry is often masked by important non-uniformity, that even
in some situations causes an asymmetric enhancement of the spectrum at high ener-
gies.

The evaluation of the thickness and uniformity of Sample C21
The Crystal Ball functions fit well the APT spectra of the α particles passed through
a layer. It must be remarked that the fitted parameter σ is related to the standard
deviation of the Gaussian term: it is not exactly the standard deviation of the dis-
tribution but is very close. Therefore, in the following it has been used as standard
deviation of the spectrum. Nevertheless, such a standard deviation cannot be con-
sidered as due to only the non-uniform thickness. In fact, not only the thickness but
also the straggling along the layer and the silicon detector resolution contribute to
the broadening of the energy distribution. Since each contribution has a Gaussian
shape, the following relation holds:

σ2
APT spectrum = σ2

thickness non−uni f ormity + σ2
detector + σ2

straggling (4.19)

where σAPT spectrum is the σ of the Crystal Ball fit of the APT spectrum, σdetector is
the detector resolution and σstraggling is the spread due to the straggling occurred in
the sample10.

As an example, the formula 4.19 applied to the case of the HOPG support of the
sample C21 before the target deposition gives the following standard deviation of
the energy spread due to the thickness distribution:

σthickness non−uni f ormity =
√

σ2
APT spectrum − σ2

detector − σ2
straggling =√

18.602 − 62 − 122 = 12.88 keV ≈ 13 keV
(4.20)

To obtain the standard deviation of the thickness distribution σthickness non−uni f ormity(s),
it is sufficient to calculate the value E′ of the APT spectrum:

E′ = Epeak + σthickness non−uni f ormity (4.21)

and to get the corresponding value s(E′) of the thickness distribution. The standard
deviation of the thickness distribution is the difference between the average thick-
ness (corresponding to the average energy of APT spectrum) and s(E′).
In the case of the HOPG substrate of C21: E′ = Epeak + σthickness non−uni f ormity =

10For the straggling evaluation, the gaussian model has been used.
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FIGURE 4.20: The C21 APT analysis after the target deposition.

5122.45 + 12.88 = 5135.33 keV≈ 5135 keV. Now, the thickness related to an α par-
ticle coming out from the HOPG sample with this energy is 2.060 µm. From the
subtraction between the sample average thickness (that is 2.130) and this value, we
have the σ related to the non-uniformity in micrometers: σthickness non−uni f ormity =
2.131− 2.056 = 0.075 µm, that is the 3.5% of the average thickness. This percentage
thickness uniformity in the following will be named Rn−u and is evaluated as the
ratio between σthickness non−uni f ormity and the average thickness.

After the study of the substrate, the target deposition can be done. On the sub-
strate C21, a Germanium deposition has been done, asking to the Trustech Company
to deposit around 400 nm of material. The natural Germanium has been used, and
not the (costly) isotope required for the DCE studies, since it was only a target pro-
totype.
At this step, the sample C21 is made of a HOPG substrate (which thickness and uni-
formity have been already evaluated) and a Germanium thin layer. As previously
described, the thickness and thickness uniformity of the target have to be known
with good precision.
Therefore, the sample is again submitted to the alpha beam coming from the Ameri-
cium source, in the APT set-up. The APT acquired spectrum can be observed in
figure 4.20.
From the Crystal Ball fit, the peak energy resulted to be 5043.29 keV, with an error

of 0.02 keV, while the σ resulted equal to 23.09 keV with an error of 0.01 keV.
To evaluate the average thickness of the target deposition, it is necessary to evaluate
the thickness crossed by an α that enters in the sample with 5122.45 keV≈ 5122 keV
and exit from it with 5043.29 keV≈ 5043 keV 11.
Using the same ROOT code described above, now by specifying that the crossed
material is Germanium and not graphite, the target average thickness results to be
380 nm. To evaluate the thickness non-uniformity, 4.19 can be used, now modified

11Indeed, the target sample is placed in such a way that the HOPG substrate is the first to be crossed
by the α particles coming from the radioactive source. Since the vacuum in the chamber is high, it can
be assumed that there are no energy losses of the particles reaching the detector, after crossing the
sample.
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in order to subtract the substrate contribution:

σ2
target non−uni f ormity = σ2

spectrum − σ2
sub. non−uni f ormity − σ2

detector sub. spectrum+

−σ2
sub. straggling − σ2

detector target+sub. spectrum − σ2
target straggling

(4.22)

where σtarget non−uni f ormity is the non-uniformity of the target deposition, σspectrum is
the σ of the APT spectrum of figure 4.20, σsub. non−uni f ormity is the contribute due to
the substrate thickness non-uniformity, σdetector sub. spectrum is the resolution of the de-
tector measured when the substrate APT spectrum has been acquired, σsub. straggling
is the part related to the straggling in the substrate, σdetector target+sub. spectrum is the
detector resolution measured on the day of the spectrum 4.20 and σtarget straggling is
the uncertainty related to the straggling in the target deposition.
This calculation, considering that the spread due to the straggling in the Germanium
deposition is only 7 keV, evaluates the σ due to the only target non-uniformity as 55
nm, that is the 15% of the total target thickness (Rn−u value).
Concerning the thickness measurements, the results provided by APT and RBS tech-
niques on the same sample C21 agree within the 4%12.

This type of study with the APT technique is a very important tool to get quan-
titative and accurate information on the thickness and thickness uniformity of the
composite NUMEN target systems. Considering all the sources of error, the resolu-
tion on the thickness determination can be considered 5 nm.

In the following chapter, two microscopy analysis will be briefly described and
inserted in the context of the NUMEN targets development and characterization.

12The agreement is evaluated as the ratio between the difference (between the two results) and the
average of the two.
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Chapter 5

Microscopy analysis techniques: a
brief description

The previous Chapter describes how the low energy ion beams constitute a very
important asset for the characterization of the thin NUMEN target systems, giving
precise quantitative evaluations on thickness and thickness uniformity.
Therefore, in the context of a more complete analysis of these samples, other tools
can help to get complementary informations.
Microscopy analysis can, for example, provide qualitative informations on the sur-
face topography of the deposition: Atomic Force Microscopy and Field Emission
Scanning Electron Microscopy have been used as additional analysis tools in this
PhD research.

5.1 Atomic Force Microscopy

Atomic Force Miscroscopy (AFM) belongs to the family of the Scanning Probe Mi-
croscopies1; here only the main characteristics will be described, in [88] more details
can be found. From its birth in 1985, thanks to the IBM research group, AFM is one
of the most used techniques to study a sample at the nanoscale.
The AFM probe is made of a cantilever, made usually of silicon, that ends with a tip.
More the tip extremity is sharp, more detailed measurements can be done: ideally,
the tip should end with only an atom to reach the atomic resolution. When the tip
arrives in proximity of the sample surface, it is submitted to the forces of interaction
with the sample leading to a bending of the cantilever. The movement of cantilever
and tip can be detected by measuring with a photodiode the reflection of a laser on
the cantilever. Through the measurement of this bending, the tip movement can be
derived and the sample features can be extrapolated.
Figure 5.1 shows schematically how the AFM works.

AFM can work in different operational modes: contact mode, tapping mode and
non-contact mode. According to the sample and to the searched information, one
is preferred to the others. In the first one, the tip is maintained in contact with the
sample surface, on which is dragged; in the non-contact mode instead the tip is not
in contact with the sample and the cantilever oscillates near its resonance frequency
[89]. The tapping mode is instead a middle way for these two, where the tip is in a

1Scanning Probe Microscopy (SPM) is a type of microscopy that studies the sample surface with
a physical probe, returning a scanning image of the sample made of a grid of points. Different oper-
ational modes can be used, according to the type of interaction between the probe and sample. The
probe, that is a mechanical tip, can be moved on the sample with good accuracy thanks to piezoelectric
actuators.[87]
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FIGURE 5.1: A sketch of the AFM operation: the tip interacts with
the sample and causes a cantilever bending. The bending changes
the amount of laser light reflected in the direction of the photodiode.
Through the evaluation of the reflected light, the cantilever bending
can be derived and so the tip movement on the sample, from which

the informations on the sample are extrapolated.

intermittent contact and the cantilever oscillates up and down.
AFM can perform different types of studies [90]. It can perform force measurements,
measuring the force between the probe and the sample to get, as example, informa-
tion on the mechanical properties of the sample. The AFM tip can also modificate
the sample, in a manipulation process, changing the sample properties (as in lithog-
raphy). Moreover, AFM can provide topographic images of the sample surface, by
measuring the reaction of the probe to the forces of interaction with the sample.
This last type of functioning has been used to study the surface of the HOPG sam-
ples sold by the Panasonic and the Optigraph Company, thanks to the precious help
and collaboration of the Microscopy laboratories of the DISAT Department of Po-
litecnico of Torino.
Figure 5.2 shows two AFM maps, one for a sample of HOPG 10 µm thick, sold
by Panasonic, and one for a sample 5 µm thick sold by Optigraph. The surface
of the thinner HOPG is undoubtedly more smooth. Actually APT measurements
performed on the two types of graphite showed that the Optigraph HOPG (both the
5 µm HOPG and the 2 µm thick one) is more uniform in its whole thickness, and not
only on the surface.

5.2 Field Emission Scanning Electron Microscopy

The Field Emission Scanning Electron Microscopy (FESEM) can provide information
on the morphology and the elemental composition of the sample under study.
The working principles are the same of the Scanning Electron Microscopy (SEM)
[91], with the main difference in the beam emission. FESEM uses a field emission
gun, where a cathode is submitted to a huge electrical potential gradient, generating
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FIGURE 5.2: AFM maps of a sample of 10 µm HOPG (upper) and of
a sample of 5 µm thick (lower).

the electron beam, while in SEM the electron beam is provided by heating a tung-
sten filament. Respect to SEM, FESEM provides more focused and energetic beams,
elaborating morphology images with a better resolution.
The electron beam is focalised by a series of electromagnetic lenses and reaches the
sample, located in an ultra-vacuum chamber. Depending on the chemical composi-
tion of the sample, the electron beam can penetrate more or less, causing the emis-
sion of sample electrons at different depth of the interaction volume.
Electrons emitted in the superficial region of the sample (1-5 nm) are emitted for
Auger effect2, being named Auger electrons. They have high energy, from 50 to 1000
eV.
Electrons coming from depths of 5-50 nm have lower energies, from 0 to 50 eV, and
are called secondary electrons; the detection of these electrons allows to reach spatial
resolution of the order of 5 nm and represents the best choice when the sample is
rough and uneven, with big thickness non-uniformities.
There are also electrons backscattered from the sample: they have higher energies,
around 20-30 keV, and give information on a deeper layer of the sample. Since the
backscattering process depends on the atomic number of the sample atom that has
backscattered the electron beam, the analysis of the backscattered electrons gives in-
formation on the elemental composition of the sample.
Lastly, also X-rays can be emitted (as atom relaxation process competitive to the
Auger effect): they are useful probes of the first micrometers of the sample depth.
The detection of X-rays is the heart of the Energy Dispersive X-ray (EDX) analysis,
that provide a qualitative characterization of solid samples by performing an ele-
mental analysis.

2When the electron beam interacts with the sample atoms, an electron of the shell K or L (the
nearer to the atom nucleus) can be emitted and the atom reaches an excited configuration. Then, the
atom relaxes and a more external electron goes to occupy the freed position. This process can lead to
the emission of a X-ray or of an Auger electron.
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FIGURE 5.3: EDX analysis of the target prototype C8: in addition to
the expected presence of Tin, Chromium and Carbonium, other el-
ements revealed their presence, giving X-rays signals. Magnesium,

Iron, Aluminium, Silicon and Copper impurities are highlighted.

Figure 5.3 shows the EDX study performed on the NUMEN target prototype named
C8, that during RBS measurements revealed the presence of not expected elements.
When studied by EDX, in addition to Tin (that constituted the wanted target deposi-
tion), Chromium (required as buffer layer) and Carbonium (due to the graphite sub-
strate) other elements appeared in the plot. Magnesium, Iron, Aluminium, Silicon
and Copper impurities were due to a not cleaned vacuum chamber of the evapora-
tor, that released small tracks of these previously deposited elements.

Figure 5.4 shows two images of these impurities. The left part of each image has
been acquired detecting the secondary electrons, while the right part is related to the
detection of the Auger electrons. The topography shows a quite uniform deposition,
even with channels of non-uniformity, with the impurities released by the chamber
that lie on it.
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FIGURE 5.4: FESEM images of 2 regions of the sample C8, with differ-
ent magnification: 15Kx (upper pictures) and 50Kx (lower pictures).
The left pictures are obtained by secondary electron emission and
show deep interstitial valleys (dark grooves), indicating non-uniform
deposition. The right pictures are obtained by Auger electron emis-
sion and show a slighter contrast between valleys and hills, due to
less penetrating electrons. Two blocks appear in the central zone, cor-

responding to the impurities detected by EDX.
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Chapter 6

Results of the NUMEN target
system prototypes characterization

As explained in the previous chapters, the goal of this PhD research was the study
of the features of the NUMEN target systems in order to minimize the target effects
that could affect the overall energy resolution of the Experiment. This goal led to the
experimentation of different analysis techniques in order to define a complete and
efficient characterization procedure for the NUMEN target systems. The pioneering
research described in the past chapters fulfilled its purpose with the definition of a
procedure that will be used as standard practice in the INFN-LNS target laboratory
to precisely characterize each target before it is submitted to ion beams.
To arrive to this milestone, many target prototypes have been studied with the previ-
ously described analysis techniques. This Chapter will show the main results on the
characterization measurements performed on the prototypes of the NUMEN target
systems produced in the past three years.
In the following sections, the three main elements studied in this first R&D phase
will be considered: Germanium, Tellurium and Tin. For each element, a summary
of the deposition campaigns will be reported. Then, different examples of the pro-
duced target systems will be shown, spanning in the wide variety of combinations of
substrate thicknesses and deposition parameters. For each target system prototype,
the results gained with Alpha Particle Transmission1, Rutherford Backscattering and
microscopies will be described. Finally, the target prototype features have been used
as input for the Monte Carlo code to evaluate the target effects on the NUMEN en-
ergy resolution; the output ejectile energy distributions will be shown.

6.1 Tin target systems

Tin targets will be involved in the measurements of the DCE reaction
116Sn(18O,18 Ne)116Cd and of all the competing channels.
Tin has been the first target element that has been studied and also the hardest one
to be deposited. As described in this section, the substrate temperature and the
presence of a buffer have been evaluated as possible solutions to get a uniform de-
position on the HOPG samples.

1All the APT results shown in this chapter are the thickness evaluation performed on the central
region of the target system, by using the collimator with the central hole.
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6.1.1 Deposition campaigns

As described in Chapter 3, the deposition of the target layers on the substrates have
been performed by Electron Beam Physical Vapour Deposition. All the Tin target
prototypes have been produced with this technique, with only one exception, con-
stituted by a deposition trial by Joule effect2.
Table 6.1 summarizes all the Tin deposition trials performed in the past three years.

The first column reports the nominal target thickness: here the adjective "nomi-
nal" means the target thickness asked to the Trustech Company (responsible of the
depositions), and not always corresponds to the real deposition thickness, as verified
with the characterization measurements.

The second column reports the substrate thickness, that varied in a range be-
tween 2 and 65 µm.
The thicker graphite was the first used for the deposition trials, since it was already
available in our laboratories.
Then, foils of 10 µm thick HOPG have been bought by the Panasonic Company. This
type of HOPG have two drawbacks: the first one is related to the thickness, too thick
to fulfil the strict requirements on the energy resolution, while the second one is re-
lated to the HOPG itself. Indeed, it is sold with ad adhesive layer on one side, since
it is usually used for heat dissipation in electronics devices, where the possibility to
paste the HOPG directly on the chip is appreciated. This adhesive must be removed
to use the HOPG as target substrate.
A first trial of adhesive removal has been performed with oxygen plasma etching,
varying the etching power and the duration of the treatments, reaching quite good
results. Then a more efficient method has been found in the ultrasonic baths, that al-
low a uniform and fast removal of the whole adhesive layer from the graphite sheet.
Using this last technique for the adhesive removal, the Panasonic HOPG have been
used as deposition substrate, since in a first time the hypotized energy resolution
requirements allowed a 10 µm thick substrate for the target [92]. In the end, more
accurate evaluations of the energy resolution requirements led to the exclude this
thick HOPG, and a thinner HOPG has been searched.
The Optigraph Company sells HOPG layers of thickness down to 2 µm, without any
adhesive. For this reason in table 6.1 also depositions on 2 and 5 µm HOPG [93] are
cited. Again, the substrate thicknesses here reported are nominal values, declared
by the seller; each substrate sample has been characterized to get the real average
thickness.

The third column shows the temperature of the substrate3 during the deposition
process. In some cases, the substrate heating can indeed facilitate the deposition
adhesion, and for this reason this possibility has been investigated.

Also the fourth column is related to the deposition adhesion to the substrate,
since a buffer between the two layers can overcome the atomical flatness of the
graphite surface (not the ideal surface to be used as substrate). Chromium and Bis-
muth have been used, and the use of other elements is actually under investigation.

2In depositions performed with the Joule effect procedure, the target element in the crucible is
evaporated by being crossed by an high current, and then deposited.

3This temperature is not the real substrate temperature, since the temperature reader is not lo-
cated on the same plate that hosts the substrates. These temperatures values must be considered as
temperature parameters used in that specific evaporator of the Trustech Company as estimators of the
substrate temperatures.
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The buffer element has to be chosen carefully to avoid backgrounds in the DCE mea-
surements.

Lastly, the fifth column reports the number of trials that have been performed for
each type of deposition; this number can be higher than one since many fine-tunings
in the evaporation process have been made during the research.

Nominal target
thickness [nm]

Nominal substrate
thickness [µm]

Substrate
temperature

Buffer
Number
of trials

400 10 µm 120 ◦C Chromium (10 nm) 1
400 10 µm 130 ◦C Chromium (10 nm) 5
400 10 µm 130 ◦C NO 2
400 5 µm 130 ◦C Chromium (10 nm) 1
400 5 µm 130 ◦C NO 1
400 2 µm 130 ◦C NO 1
400 10 µm 130 ◦C Chromium (10 nm) 1*
400 10 µm 135 ◦C NO 1
400 10 µm 140 ◦C Chromium (10 nm) 1
400 10 µm 150 ◦C Chromium (10 nm) 1
400 10 µm 150 ◦C NO 2
400 65 µm 150 ◦C NO 1
400 10 µm 175 ◦C NO 1
250 10 µm Room Temperature NO 1

TABLE 6.1: Deposition campaigns of Tin target system prototypes.
The deposition marked with the star * has been performed by Joule

effect

The full characterization of three Tin target system prototypes, deposited on 10,
5 and 2 µm thick HOPG substrates, will be shown in the following. APT, RBS and
FESEM results will be discussed.

6.1.2 Target system A16

The prototype of Tin target system named A16 has a HOPG substrate nominally 10
µm thick. A deposition of 400 nm (nominal value) of Tin has been deposited by
EBPVD technique, heating the substrate at 130◦ degree. No buffer has been used.
The prototype has been fully characterized by APT, RBS and FESEM; the results are
reported below.

Alpha Particle Transmission results

The procedure of APT characterization has been deeply described in Chapter 4; here
only some experimental results are shown.
In figure 6.1 the APT energy spectra, acquired before (black points) and after (orange
points) the target deposition can be observed, with the related Crystal Ball fits. From
the fit functions parameters, the peak average energy and the peak spread can be es-
timated. As previously described in Chapter 4, from the energy values the thickness
values can be deduced.
The HOPG substrate of the target prototype A16, nominally 10 µm thick, resulted
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FIGURE 6.1: APT spectra acquired with the only A16 substrate (10
µm HOPG) and after the deposition with the whole target system
(Tin deposition and HOPG substrate). Crystal Ball function fits of the

two peaks are also shown, in red.

to be 10.080 µm thick, with a non-uniformity parameter Rn−u ≈ 2%4.
From the comparison between the two spectra, the thickness features of the target
deposition can be desumed. The target deposition, asked to the Trustech Company5

as a layer 400 nm thick, resulted to be 220 nm thick, with a non-uniformity of 67%.

Rutherford Backscattering results

The sample has been studied also with RBS, using an alpha beam of 2 MeV, detected
when backscattered at 160◦ degree from the beam line.
Figure 6.2 shows the energy distribution of the backscattered alpha particles. Only
the target deposition contribution can be observed, since the beam energy is too low
and the stopping power too high to allow alphas to arrive to the substrate and then
being backscattered to the detector.
The high non-uniformity of the target, quantitatively estimated through the anal-
ysis of the APT spectra, can be immediately realized also from the quite strange
RBS spectrum. Indeed the usual shape, made of two edges and a quite horizontal
plateau, is here substituted by a unique decrease that from the right edge arrives to
the spectrum lowest energies. From the analysis of the RBS spectrum, as explained
in Chapter 4, the average thickness of the target can be calculated. In this case, the
thickness estimation was complex since the usual left edge can not be clearly recog-
nised in the spectrum. For this reason, the target average thickness has been calcu-
lated by the average energy, calculated as the average between the peak energy and

4As explained in Chapter 4, section 4, the non-uniformity parameter Rn−u is defined as as ratio
between the standard deviation σnon−uni f ormity and the average saverage of the thickness distribution:

Rn−u ≡
σnon−uni f ormity

saverage
.

5Company that performed the deposition processes.
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FIGURE 6.2: RBS spectrum of the target system A16, measured with a
2.1 MeV alpha beam, detected at 160◦ degree. The only contribution
of the target deposition can be observed, since the beam energy is too

low to detect also the HOPG substrate.

the spectrum lowest energy. The average thickness resulted to be 250 nm. There-
fore, the agreement on the thickness results of RBS and APT techniques is of 13%;
this not optimal agreement can be referred to the high non-uniformity of the target
deposition, that surely affected the determination of the average thickness from the
RBS spectrum.

Field Emission Scanning Electron Microscopy results

The sample has been then analyzed by FESEM, to observe the superficial roughness
of the target deposition. The instrument allows to observe the sample with different
magnifications; the 25K and the 100K images are reported in figure 6.3.
It can be hypotized that the non-uniformity quantified by low energy ion beam tech-
niques can be here observed as Tin "rocks", about a micrometer in size, lying on
a underlying layer of deposition made of smaller grains, with dimension of few
nanometers.

Monte Carlo simulation

Figure 6.4 shows the results related to the Monte Carlo simulation run with the pro-
totype A16 as target system. As explained in Chapter 3, section 3.3.3, this code
allows to evaluate the energy resolution in the measurements of the DCE ejectile
energy. In this case, the DCE reaction under study is 116Sn(18O,18 Ne)116Cd, so the
ejectiles are 18Ne nuclei.
The energies on the x axis are kinetic energies. The coloured gaussians are the theo-
retical predictions of the ejectile energies for different combinations of energy levels
of ejectile and target daughter.
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FIGURE 6.3: FESEM images of the sample A16, acquired with mag-
nification 25k and 100k. Big structures look like stones of less than 1
µm, lying on a quite uniform deposition layer made of many small

pebbles with dimensions of few nm.

The gaussians triplet at highest energies is related to the ejectile in ground state,
while the gaussians triplet at lowest energies represents the ejectile in the second ex-
cited level. The red gaussian at the highest kinetic energies is related to DCE whose
ejectile and target daughter are both in ground state. The blue gaussian at the lowest
energes is instead referred to the DCE where both ejectile and target daughter are in
the second exited level (since a significant portion of their energy is due to the ex-
cited state, their kinetic energy is lower). The black points are instead the simulated
ejectile energies.
To make easier the understanding of the Gaussian plots in the following figures, the
notation of colours is recalled hereafter:

1. The triplet of Gaussian curves in the high energy region represents the states
couple:

(a) Ejectile in ground state - target daughter in ground state (red)

(b) Ejectile in ground state - target daughter in first excited state (green)

(c) Ejectile in ground state - target daughter in second excited state (blue)

2. The triplet of Gaussian curves in the intermediate energy region represents the
states couple:

(a) Ejectile in first excited state - target daughter in ground state (red)

(b) Ejectile in first excited state - target daughter in first excited state (green)

(c) Ejectile in first excited state - target daughter in second excited state (blue)

3. The triplet of Gaussian curves in the high energy region represents the states
couple:

(a) Ejectile in second excited state - target daughter in ground state (red)

(b) Ejectile in second excited state - target daughter in first excited state (green)

(c) Ejectile in second excited state - target daughter in second excited state
(blue)

The ideal situation, where an acceptable energy resolution is achieved, is a spectrum
in which all the nine peaks can be easily discriminated one from each other. It is clear
that the spectrum reported in figure 6.4 is not this case: for the most of the peaks, the
distinction is not possible.
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FIGURE 6.4: Energy distribution of the ejectiles of the DCE reaction
116Sn(18O,18 Ne)116Cd, using as target system the prototype A16.

This bad result is surely due to the high thickness non-uniformity of the Tin deposi-
tion, and push to study better the element deposition process.

6.1.3 Target system B4

The prototype of Tin target system named B4 has a HOPG substrate nominally 5 µm
thick, with a required Tin deposition of 400 nm. During the deposition, the substrate
has been heated at 130◦ degree. No buffer has been used.
The prototype has been fully characterized by APT, RBS and FESEM; the results are
reported in the next pages.

Alpha Particle Transmission results

Figure 6.5 shows the APT study of the Tin target prototype B4. Again, the black dots
are referred to the energy spectrum of the transmitted alpha particles acquired with
only the substrate, before the target deposition, while the orange spectrum must be
referred to the whole target system, reached after the deposition.
From the analysis of the APT spectra, the results on thickness and thickness unifor-

mity of substrate and target have been deduced.
The substrate, nominally 5 µm thick, resulted 5.740 µm thick, with a non-uniformity
of 3%.
The target deposition, asked as 400 nm, is instead 230 nm, with a non-uniformity
of 68%. Again, the thickness uniformity obtained by depositing Tin on a substrate
heated at 130◦ degree, without any buffer, is not satisfactory.
The thickness results related to this sample are very similar to the A16 ones; this
analogy can be referred to the fact that the two target depositions have been evapo-
rated simultaneously, in the same deposition process.



84 Chapter 6. Results of the NUMEN target system prototypes characterization

h1
Entries  13472

Mean     4452

Std Dev      46.5

4000 4100 4200 4300 4400 4500 4600
Energy [KeV]

0

500

1000

1500

2000

2500

3000

3500

C
ou

nt
s

h1
Entries  13472

Mean     4452

Std Dev      46.5

B4 pre-deposition: 5um HOPG

B4 post-deposition: 5um HOPG + 400nm Tin

 

FIGURE 6.5: APT spectra acquired with the only B4 substrate (5 µm
HOPG) and after the deposition with the whole target system (Tin
deposition and HOPG substrate). Crystal Ball function fits of the two

peaks are also shown, in red.

Rutherford Backscattering results

RBS analysis has been performed, with an alpha beam of 2.1 MeV. The backscattered
beam has been detected at 160◦ degree.
In the spectrum of figure 6.6, the same strange shape observed in the RBS spectrum

of sample A16 can be here seen, due to the high non-uniformity of the target depo-
sition.
Therefore the average thickness has been calculated in the same way used for the
RBS analysis of sample A16, and resulted to be 260 nm. The agreement on the thick-
ness results between RBS and APT techniques is of 12%; this not good result can be
again referred to the high non-uniformity in thickness of the sample.

Field Emission Scanning Electron Microscopy results

FESEM analysis has been performed on sample B4, to evaluate the deposition rough-
ness. Figure 6.7 reports the 25K and 100K magnification images.
The results are quite similar to the ones of sample A16, since the substrate thickness
does not influence the deposition. Big structures with dimensions of micrometers
cover uniformly the whole sample surface. Under these structures, a quite uniform
deposition layer can be glimpsed.

Monte Carlo simulation

Figure 6.8 shows the output of the Monte Carlo simulation for the energy resolution
achieved using the target prototype B4.
Also in this case, as for the A16 results, the distinction between the peaks related to
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FIGURE 6.6: RBS spectrum of the target system B4, measured with a
2.1 MeV alpha beam, detected at 160◦ degree. The only contribution
of the target deposition can be observed, since the beam energy is too

low to detect also the HOPG substrate.

FIGURE 6.7: FESEM images of the sample B4, acquired with magni-
fication 25k and 100k. Big structures look like stones of less than 1
µm, lying on a quite uniform deposition layer made of many small

pebbles with dimensions of few nm.
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FIGURE 6.8: Energy distribution of the ejectiles of the DCE reaction
116Sn(18O,18 Ne)116Cd, using as target system the prototype B4.

the different energy levels is not easy, especially between the red one (target daugh-
ter in ground state) and the green one (target daughter in first excited level), at each
ejectile energy level.
This result can be again referred to the high non-uniformity in thickness of the Tin
deposition.

6.1.4 Target system C7

Sample C7 is composed of a Tin deposition (400 nm thick) on a 2 µm thick HOPG.
The deposition has been performed mantaining the substrate at 130◦C degree. To
enhance the deposition uniformity, a buffer made of Chromium, around 10 nm thick,
has been evaporated on the substrate before the target deposition.
Again, the characterization results will be presented.

Alpha Particle Transmission results

Figure 6.9 shows the APT analysis performed on the target system C7: the black
spectrum is related to the only substrate, nominally 2 µm thick, while the orange
spectrum has been acquired analysing the whole target system.
From the analysis of the two spectra, thickness evaluations on substrate and target

have been performed.
The substrate resulted to be 2.635 µm thick, with a non-uniformity of 4%.
To evaluate the target thickness, the chromium buffer (deposited immediately before
the target element) has been taken into account. The Chromium buffer thickness has
been determined through the RBS analysis (shown in the following) as 40 nm thick.
Considering this buffer thickness, the target resulted to be 170 nm thick, with a non-
uniformity of 62%.
This percentage is slightly lower than the ones expressing the non-uniformity of tar-
get systems A16 and B4, where the Chromium buffer was not used. Probably this
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FIGURE 6.9: APT spectra acquired with the only C7 substrate (2 µm
HOPG) and after the deposition with the whole target system (Tin
deposition and HOPG substrate). Crystal Ball function fits of the two

peaks are also shown, in red.

difference means that the buffer helps in the target adhesion and so in its uniform
deposition.

Rutherford Backscattering results

The RBS technique has been exploited to study the target prototype, in particular to
separately study the Chromium buffer.
In this case, in the spectrum part related to the target the usual plateau can be recog-

nised, even if the slope of the left edge clearly highlights a high non-uniformity of
the target deposition.
On the left, two wide and low peaks appear. The one nearest to the target contri-
bution is the Chromium one, from which peak energy the buffer thickness has been
deduced.
The one at lower energy is instead caused by many impurities in the deposition layer.
To better understand their nature, an EDX analysis has been performed. The results
are the same of the sample C8 (deposited together with C7, in the same prototypes
set), reported in figure 5.3 of Chapter 5. A large variety of elements was detected,
revealing that the evaporator vacuum chamber in which the Tin deposition has been
performed was not cleaned.
Concerning the thickness evaluation, from the study of the left edge of the target
related part in the RBS spectrum the average thickness resulted to be 160 nm. The
agreement between the APT and RBS thickness results is within the 6%.

Field Emission Scanning Electron Microscopy results

Figure 6.11 shows the FESEM analysis performed on the target system C7. The FE-



88 Chapter 6. Results of the NUMEN target system prototypes characterization

h1
Entries  1025

Mean    1.712

Std Dev    0.09867

1.3 1.4 1.5 1.6 1.7 1.8
Energy [MeV]

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

C
ou

nt
s

h1
Entries  1025

Mean    1.712

Std Dev    0.09867

C7 sample - Sn+2um HOPG - RBS alfa 2 MeV

FIGURE 6.10: RBS spectrum of the target system C7, measured with a
2 MeV alpha beam, detected at 160◦ degree. The only contributions of
target deposition and buffer can be observed, since the beam energy is
too low to detect also the HOPG substrate. An additional contribute
appears at lower energy, related to impurities in the deposition layer.

FIGURE 6.11: FESEM images of the sample C7, acquired with mag-
nification 25k and 100k. Two different deposition layers can be ob-
served: the superficial one, quite flat, shows channels through which

the underlying layer can be observed, made of very small pebbles.



6.1. Tin target systems 89

FIGURE 6.12: Energy distribution of the ejectiles of the DCE reaction
116Sn(18O,18 Ne)116Cd, using as target system the prototype C7.

SEM images show a deposition uniformity better than the ones of the previous FE-
SEM studies on A16 and B4 samples. Now the big structures are joined together
forming a deposition layer with channels, through which the underlaying deposi-
tion layer made of small grains can be still observed. This better result can be proba-
bly referred to the use of the Chromium buffer, and appears also in the quantitative
non-uniformity evaluation measured by means of APT technique.

Monte Carlo simulation

Finally, in figure 6.12 is reported the Monte Carlo simulation performed for the pro-
totypal target system C7. This result has been already shown in Chapter 3, now is
presented again as part of the whole characterization of the sample.
Now the distinction of the different peaks is easier, even if not yet very clear in the
entire tails of the gaussians related to target daughter in ground state and target
daughter in first excited state. Instead it is not possible to discriminate between the
DCE reaction with ejectile in first excited state and target daughter in second excited
state (blue peak around 256 MeV) and the DCE exiting in ejectile in second excited
state and target daughter in ground state (red peak on the left of the blue peak).
This result, even if not yet satisfactory, is better than the ones obtained with A16 and
B4. One possibile reason lies in the better thickness uniformity, but surely also the
thinner substrate plays a crucial role in tightening the separation of the peaks.

6.1.5 Conclusions on Tin target system prototypes

In the past three years, a lot of work has been done in the research related to the Tin
deposition on HOPG substrates [94].
It resulted that the thickness of the substrate does not influence the target thickness
uniformity, even if obviously has influence on the energy resolution.
A buffer should be used, maybe of Chromium, to help in the deposition adhesion
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on the substrate.
In the same direction the heating of the substrate can work. Even if the reference
temperatures of the Trustech evaporator can be used as precise parameters only in
that specific instrument, the fact that the best deposition results have been obtained
at around 130◦ degree is an indication of the necessity to heat the substrate at tem-
peratures well above the room temperature.
The thickness uniformity of the produced prototypes is still not good enough to ful-
fil the energy resolution requirements; other buffer elements and a precise study on
the substrate temperature influence will be done in the next year.

6.2 Tellurium target systems

Tellurium targets are required to measure the cross-sections of the DCE reaction
130Te(20Ne,20 O)130Xe, together with all its competing channels.
Tellurium is a material easier to be deposited respect to Tin; deposition with good
uniformity can be obtained even without substrate heating or buffer.
Indeed, a punctual comparison between the deposition performed with the heated
substrate and with the substrate at room temperature showed that no evident uni-
formity differences can be observed. Also the presence of a buffer does not influence
the uniformity of the target deposition. For these reasons, the best solution is to
avoid the substrate heating and the buffer evaporation, minimising two possible
causes of mistakes during the deposition process.

6.2.1 Deposition campaigns

The table 6.2 summarises all the deposition parameters that have been experimented
during the pioneering campaigns of Tellurium deposition.
To study the influence of the substrate temperature on the deposition thickness uni-
formity, different trials have been made heating the substrate at 100◦, both with and
without the buffer. These prototypes have been compared to prototypes evaporated
on room temperature substrates. No evidences have been found of uniformity differ-
ences by heating or not the substrate, so it has been assumed that Tellurium targets
can be satisfactorily deposited at room temperature, as previously mentioned.
The same can be said on the buffer use; different pioneering deposition with buffer
have been performed and verified that a buffer does not considerably help the de-
position uniformity.

6.2.2 Target System A14

The Tellurium target system prototype named A14 is deposited on a 10 µm thick
HOPG maintained at room temperature. No buffer has been used.
As the other Tellurium target prototypes shown in this section, A14 has been de-
posited in the INFN-LNS laboratories.
The sample has been exhaustively analysed by APT, RBS and FESEM techniques.
The results are here reported.
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Nominal target
thickness [nm]

Nominal substrate
thickness [µm]

Substrate
temperature

Buffer
Number
of trials

400 10 µm Room Temperature Chromium (10 nm) 2
400 10 µm Room Temperature NO 4**
400 5 µm Room Temperature NO 2
400 2 µm Room Temperature NO 2
400 10 µm 100◦C Chromium (10 nm) 3
400 10 µm 100◦C NO 1

TABLE 6.2: Deposition campaigns of Tellurium target system proto-
types. One of the depositions marked with the star ** has been per-
formed in the INFN-LNS target laboratory, while all the other depo-

sitions have been made by the Trustech Company.

Alpha Particle Transmission results

Figure 6.13 shows the APT analysis performed on the sample A14, before (black
spectrum) and after (orange spectrum) the target deposition.
To estimate the average thickness and the thickness non-uniformity, the considera-
tions previously described have been done also in this case.
The average thickness of the HOPG substrate resulted to be 10.130 µm, with an esti-
mated thickness non-uniformity of 3%.
The average thickness of the Tellurium deposition resulted to be 430 nm, with a non-
uniformity of 6%.

Rutherford Backscattering results

Figure 6.18 shows the RBS spectrum acquired in INFN-LNL laboratory, using an al-
pha beam of 2 MeV. The beam was detected at 160◦ degree.
While the kinematic edge was used to verified that the deposition was effectively Tel-
lurium, from the left edge of the spectrum the average thickness has been deduced.
It resulted to be 425 nm; this result was in agreement with the APT thickness result
within the 0.2%.

Field Emission Scanning Electron Microscopy results

Finally, A14 underwent a FESEM analysis. Figure 6.15 reports two images acquired
with 25k and 100k magnifications.
The target deposition is quite uniform and flat; Tellurium grains can be discrimi-
nated, but their heights are small and also their in-plane dimensions are of the order
of tens of nm.

Monte Carlo simulation

Figure 6.16 shows the Monte Carlo code output for the target system prototype A14.
As previously explained, the goal is to have a ejectile energy spectrum that allows
to discriminate among the energy levels peaks. From the spectrum it is clear that by
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FIGURE 6.13: APT spectra acquired with the only A14 substrate (10
µm HOPG) and after the deposition with the whole target system
(Tellurium deposition and HOPG substrate). Crystal Ball function

fits of the two peaks are also shown, in red.
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FIGURE 6.14: RBS spectrum of the target system A14, measured with
a 2 MeV alpha beam, detected at 160◦ degree. The only contribution
of the target deposition can be observed, since the beam energy is too

low to detect also the HOPG substrate.
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FIGURE 6.15: FESEM images of the sample A14, acquired with mag-
nification 25k and 100k.

FIGURE 6.16: Energy distribution of the ejectiles of the DCE reaction
130Te(20Ne,20 O)130Xe, using as target system the prototype A14.

using A14 as target system, the required resolution can not be achieved. Probably
this is due not only to the target thickness uniformity, that is under the 10%, but to
the thick substrate of graphite.

6.2.3 Target System B10

The Tellurium target system prototype named B10 has a Tellurium deposition, nom-
inally 400 nm thick, on a nominally 5 µm thick HOPG. The deposition has been
performed without a previous buffer evaporation, keeping the substrate at room
temperature.
In the following, the characterization is reported.
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FIGURE 6.17: APT spectra acquired with the only B10 substrate (5
µm HOPG) and after the deposition with the whole target system
(Tellurium deposition and HOPG substrate). Crystal Ball function

fits of the two peaks are also shown, in red.

Alpha Particle Transmission results

Figure 6.17 shows the APT measurements performed on the sample B10. Again,
the black energy spectrum is related to the only substrate, while the orange energy
spectrum is related to the entire target system.
From the analysis of the black peak, the substrate resulted to be 5.865 µm thick, with
a non-uniformity of 10%.
The target thickness features have been deduced from the comparison between the
black spectrum and the orange one: the target resulted to be 435 nm thick with a
non-uniformity of 11%.

Rutherford Backscattering results

Figure 6.18 shows the RBS spectrum related to the sample B10. An alpha beam of 2
MeV has been detected at 160◦ degree.
From the left edge, the average thickness of the Tellurium deposition resulted to be
415 nm. Therefore, the agreement with the APT thickness results is around 4%.

Field Emission Scanning Electron Microscopy results

Figure 6.19 reports the FESEM images of the deposition surface of B10. The same
observations done for the FESEM images of A14 can be here repeated: the deposition
seems to be quite flat and uniform (in agreement with the thickness non-uniformity
estimated by APT).
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FIGURE 6.18: RBS spectrum of the target system B10, measured with
a 2 MeV alpha beam, detected at 160◦ degree. The only contribution

of the target deposition can be observed.

FIGURE 6.19: FESEM images of the sample B10, acquired with mag-
nification 25k and 100k.
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FIGURE 6.20: Energy distribution of the ejectiles of the DCE reaction
130Te(20Ne,20 O)130Xe, using as target system the prototype B10.

Monte Carlo simulation

Figure 6.20 shows the energy distribution of the 20O nuclei coming out from the DCE
reaction 130Te(20Ne,20 O)130Xe. The target system prototype B10 has been hypotized
as target system participating to the DCE reactions.
Again, as for the Monte Carlo output related to the sample A14, the discrimination
between the different peaks is not possible for the most of the energy levels.
To get a better results, a 2 µm thick substrate must be used, as shown in the follow-
ing.

6.2.4 Target System C4

The NUMEN target prototype C4 has been deposited on a nominally 2 µm thick
HOPG. Again, the HOPG was not heated, and no buffer was required.

Alpha Particle Transmission results

Figure 6.21 shows the APT results related to the C4 prototype. Again, the black
energy spectrum has been acquired before the target deposition, while the orange
spectrum must be related to the entire target system.
The substrate resulted to be 1.285 µm thick with a non-uniformity of 10%. The target
deposition is instead 435 nm with a non-uniformity of 1%.

Rutherford Backscattering results

Figure 6.22 shows the RBS analysis performed on C4. Again, the measurements have
been performed with a 2 MeV alpha beam, detected at 160◦ degree.
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FIGURE 6.21: APT spectra acquired with the only C4 substrate (2 µm
HOPG) and after the deposition with the whole target system (Tel-
lurium deposition and HOPG substrate). Crystal Ball function fits of

the two peaks are also shown, in red.

The average thickness deduced by the spectrum analysis is 420 nm; the agreement
with the APT result is within the 4%.

Field Emission Scanning Electron Microscopy results

Figure 6.23 shows two FESEM images of the microscopy analysis performed on the
sample C4. It can be observed that also performing the deposition on the thinner
graphite, the superficial uniformity of the deposition is preserved.

Monte Carlo simulation

The Monte Carlo results related to the target system prototype C4 are reported in the
energy spectrum of figure 6.24.
Now the energy resolution requirements are fully fulfilled, since the central part of
each gaussian is clearly distinguishable from the near peaks.
This good result is allowed by the very low target thickness non-uniformity, here
only 1%, but also to the low thickness of the HOPG substrate, here less than 1.5 µm.
Ideally a very thin substrate should be crucial to get a good energy resolution, but 1
µm thick HOPG sheets are very hard to find on the market and also very fragile.

6.2.5 Conclusions on Tellurium target system prototypes

From the performed research on the Tellurium deposition processes, it resulted that
there is no necessity to use a buffer between the target layer and the substrate [94].
Also the substrate heating has not a significant influence.
The deposition thickness uniformities of the produced prototypes are encouraging,
but from the point of view of the energy resolution the use of a very thin (lower than
2 µm, if possible) HOPG substrate is crucial.
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FIGURE 6.22: RBS spectrum of the target system C4, measured with
a 2 MeV alpha beam, detected at 160◦ degree. The only contribution

of the target deposition can be observed.

FIGURE 6.23: FESEM images of the sample C4, acquired with magni-
fication 25k and 100k.
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FIGURE 6.24: Energy distribution of the ejectiles of the DCE reaction
130Te(20Ne,20 O)130Xe, using as target system the prototype C4.

6.3 Germanium target systems

Germanium targets are required for the DCE research related to the reaction
76Ge(20Ne,20 O)76Se, together with its competing channels.
In the past two years, several Germanium deposition campaigns have been per-
formed, to found out the best parameters to get a uniform target deposition layer.
We found out that this element has a deposition behaviour very similar to the Tel-
lurium one: by depositing Germanium in different evaporation conditions, the best
solution turns out to be the simplest process, without substrate heating or buffer.
In the following, the most significant results will be shown, as it has been done for
Tin and Tellurium.

6.3.1 Deposition campaigns

Table 6.3 reports all the deposition trials performed with Germanium. Since the Ger-
manium study began after the research on the Tellurium deposition, we started with
room temperature evaporations. The first results were promising, so we continued
to optimize the Germanium target production at room temperature. Also the buffer
is probably not necessary, as the characterization of the first prototypes produced
without Chromium layer shows.

6.3.2 Target System A25

The A25 prototype of Germanium target system represents one of the first trial of
Germanium deposition on HOPG. At that time, the evaluations on the energy reso-
lution requirements allowed to use a target 600 nm thick, so this deposition thickness
has been asked to the Trustech company. In the following, as it will be shown, the re-
quirements on the energy resolution become more stringent, so the target thickness
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Nominal target
thickness [nm]

Nominal substrate
thickness [µm]

Substrate
temperature

Buffer
Number
of trials

600 10 µm Room temperature Chromium (10 nm) 3
600 5 µm Room temperature Chromium (10 nm) 2
600 2 µm Room temperature Chromium (10 nm) 2
400 5 µm Room temperature Chromium (10 nm) 1
400 2 µm Room temperature Chromium (10 nm) 1
350 5 µm Room temperature NO 2
350 2 µm Room temperature NO 2

TABLE 6.3: Deposition campaigns of Germanium target system pro-
totypes.

was reduced to 350 nm to minimize energy dispersion and straggling effects.
A25 has been deposited on a 10 µm thick HOPG, after the evaporation on the sub-
strate of a thin layer of Chromium as buffer. The HOPG substrate was not heated.
In the following, the characterization results will be reported, as for Tin and Tel-
lurium.

Alpha Particle Transmission results

A25 underwent APT analysis, before the deposition and once the target has been
deposited. Figure 6.25 shows this study, where the black energy spectrum is related
to the first acquisition and the orange one is related to the second APT acquisition,
after the target deposition.
From the black spectrum, the HOPG features has been extrapolated: it resulted to be
10.120 µm thick, with a non-uniformity of 2%.
The orange spectrum has been used, in comparison with the black one, to analyze
the Germanium target. To get the target features, also the Chromium buffer has
been considered, which thickness has been evaluated by RBS as 10 nm. In the end,
the target layer resulted to be 530 nm thick, with a non-uniformity of 16%.

Rutherford Backscattering results

Figure 6.26 reports the RBS spectrum measured with an alpha beam of 2 MeV de-
tected at 160◦ degree. The contribution on the left of the main target contribution is
related to the Chromium buffer.
From the study of the left edge of the main contribution, the target average thick-
ness can be extrapolated, being 535 nm. The agreement of this value with the APT
thickness evaluation is within the 1%.
Once the target average thickness has been evaluated, the left peak can be used to
establish the average Chromium buffer thickness. This resulted to be 10 nm.
The RBS technique is very important not only as validation technique for the APT
thickness results, but also in the context of the buffer evaluation. The RBS estimation
of the average thickness of the Chromium buffer is fundamental to extrapolate the
correct target thickness in the study of the APT energy spectra.
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FIGURE 6.25: APT spectra acquired with the only A25 substrate (10
µm HOPG) and after the deposition with the whole target system
(Germanium deposition and HOPG substrate). Crystal Ball function

fits of the two peaks are also shown, in red.
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FIGURE 6.26: RBS spectrum of the target system A25, measured with
a 2 MeV alpha beam, detected at 160◦ degree. The peak on the left of

the target contribution is related to the Chromium buffer.
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FIGURE 6.27: FESEM images of the sample A25, acquired with mag-
nification 25k and 100k.

Field Emission Scanning Electron Microscopy results

The FESEM analysis has not been performed on sample A25. Figure 6.27 shows the
FESEM analysis of another sample, named GE10, different from A25 but deposited
in the same deposition. The GE10 substrate is the HOPG 10 µm thick, as the one of
A25. Therefore, the FESEM images acquired on the sample GE10 can be reasonably
used as analogous of the A25 FESEM analysis.
The deposition surface is flat, with the exception of some Germanium spheres, less
than 1 µm in diameter, that lye on the flat deposition layer. From the higher magnifi-
cation image, it can be hypotized that the flat deposition layer is, in turn, composed
of many smaller spheres that joined together.

Monte Carlo simulation

Figure 6.28 shows the evaluation of the energy resolution achieved by using the tar-
get system A25. Again, it can be observed that the discrimination among the peaks
is not easy, in particular between the red ones and the green ones (that correspond
to target daughters respectively in ground states and first excited levels).

6.3.3 Target System B22

The target system named B22 is a Germanium deposition, asked as 350 nm, de-
posited on a 5 µm thick HOPG substrate. The substrate was not heated during the
deposition process. No buffer has been used.

Alpha Particle Transmission results

Figure 6.29 shows the energy spectra of the transmitted alpha through the only sub-
strate (black peak) and through the entire target system (orange peak).
As usually, the two spectra have been compared to perform the thickness evalua-
tions on the HOPG substrate and on the Germanium target.
The substrate resulted to be 4.335 µm thick, with non-uniformity of 2%.
The target layer is instead 405 nm, with a non-uniformity of 16%.
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FIGURE 6.28: Energy distribution of the 20O ejectiles of the DCE reac-
tion 76Ge(20Ne,20 O)76Se, using as target system the prototype A25.
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FIGURE 6.29: Black spectrum is related to the only substrate (5 µm
thick HOPG), while the orange spectrum is related to the entire target
system. Crystal Ball function fits of the two peaks are also shown, in

red.
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FIGURE 6.30: RBS spectrum of the target system B22, measured with
a 2 MeV alpha beam, detected at 160◦ degree.

FIGURE 6.31: FESEM images of the sample B22, acquired with mag-
nification 25k and 100k.

Rutherford Backscattering results

Figure 6.30 is the RBS spectrum acquired on the target system prototype B22, by
detecting an alpha beam of 2 MeV when backscattered at 160◦.
With the usual analysis procedure, the average thickness of the Germanium layer
resulted to be 385 nm; the agreement with the APT measurement is within 5%.

Field Emission Scanning Electron Microscopy results

The superficial non-uniformity of the Germanium deposition can be appreciated by
observing the FESEM images at different magnifications in figure 6.31. The deposi-
tion seems flat and uniform, with some little spheres with diameter of around half
micrometer. Anyway, the number of Germanium spheres seem lower than the one
appreciable in FESEM images of the target A25, deposited with buffer (see 6.27).
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FIGURE 6.32: Energy distribution of the 20O ejectiles of the DCE reac-
tion 76Ge(20Ne,20 O)76Se, using as target system the prototype B22.

Monte Carlo simulation

Figure 6.32 reports the energy distribution of the oxygen nuclei ejectiles of the reac-
tion 76Ge(20Ne,20 O)76Se, assuming as target system the sample B22.
The Monte Carlo output is promising if observing the distance between the energy
levels peaks, that now are well distinguishable. This result, better if compared to the
A25 one, can be referred to the thinner graphite substrate and to the thinner target
layer (fact that minimizes both energy straggling and dispersion effects).

6.3.4 Target System C11

The Germanium target system prototype C11 has a 400 nm deposition on a 2 µm
thick HOPG. A Chromium buffer has been evaporated on the substrate before the
target deposition. The substrate was not heated during the deposition process.

Alpha Particle Transmission results

Figure 6.33 shows the APT results on the prototype C11. From the usual data analy-
sis, the substrate resulted to be 1.845 µm thick, with a non-uniformity of 4%. Consid-
ering a buffer of 10 nm (evaluated by RBS measurements), the target layer resulted
to be 350 nm thick, with a non-uniformity of 13%.

Rutherford Backscattering results

Figure 6.34 reports the RBS study performed on the sample C11. Again, an alpha
beam of 2 MeV has been used, backscattered at 160◦.
Both the target and buffer contributions can be distinguished in the spectrum. The
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FIGURE 6.33: Black spectrum is related to the only substrate (2 µm
thick HOPG), while the orange spectrum is related to the entire target
system. Crystal Ball function fits of the two peaks are also shown, in

red.

target average thickness, evaluated from the left edge of the spectrum main contri-
bution, is 380 nm (being the agreement with APT thickness evaluation within the
6%). The thickness of the Chromium buffer resulted instead to be around 10 nm.

Field Emission Scanning Electron Microscopy results

Images of figure 6.35 shows again a good superficial uniformity of the Germanium
deposition. The deposition seems quite flat, with the same rare spheres observed in
the FESEM images of B22.

Monte Carlo simulation

Figure 6.36 shows that the target prototype C11 is an ideal solution to preserve the
overall energy resolution in the ejectiles measurements. This good result is due to
the good thickness uniformity of the target deposition, together with a substrate
thinner than 2 µm.

6.3.5 Conclusions on Germanium target system prototypes

The same observations made for the Tellurium deposition process can be here re-
peated.
The Chromium buffer seems to be not really relevant to enhance the target deposi-
tion uniformity, as the substrate heating. For this reason, the found solution is to
perform the Germanium depositions at room temperature, without buffer evapora-
tion.
Concerning the energy resolution, the prototype C11 confirms that the thickness uni-
formity reached with the studied deposition process is good enough to fulfil the en-
ergy resolution requirements, if a thin (if possible less than 2 µm) HOPG buffer is
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FIGURE 6.34: RBS spectrum of the target system C11, measured with
a 2 MeV alpha beam, detected at 160◦ degree. The peak on the left of

the target contribution is related to the Chromium buffer.

FIGURE 6.35: FESEM images of the sample C11, acquired with mag-
nification 25k and 100k.
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FIGURE 6.36: Energy distribution of the 20O ejectiles of the DCE reac-
tion 76Ge(20Ne,20 O)76Se, using as target system the prototype C11.

used.
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Chapter 7

Results and Future Research

7.1 Main Results

This PhD research has been aimed to design a complete and efficient characteriza-
tion procedure to analyse the NUMEN target systems. This study must be framed in
the context of the evaluation of the Experiment energy resolution, to which different
effects related to the target system contribute, as energy dispersion and straggling.
The outlined characterization procedure will be used as standard procedure in the
target laboratories of the NUMEN experiment, to accurately analyse the target sys-
tems of NUMEN Phase 4.
The NUMEN target system that has been designed will be used during the Phase 4
of the Experiment, when very intense ion beams will be used and therefore the tar-
gets will have to be heat resistant. The cooling system specifically designed for the
NUMEN targets is based on the use of substrates made of Highly Oriented Pyrolytic
Graphite that, thanks to its high in-plane thermal conductivity, can quickly trans-
fer the heat generated by the beam from the target center to its extremities, where a
cooled down frame holds the target system.
The target thickness will vary between 300 and 600 nm, depending on the isotope,
while the HOPG substrate will be around 2 µm thick.
In order to evaluate the target contributions to the overall energy resolution, a Monte
Carlo simulation has been implemented to estimate the capability of discrimination
between DCE products exiting in different energy states.
This characterization procedure includes different analysis techniques, exploiting
low energy ion beams and microscopy instruments. In particular, Rutherford Backscat-
tering and Alpha Particle Transmission techniques have been exploited to get quan-
titative information on the target systems, while Field Emission Scanning Electron
Microscopy and Atomic Force Microscopy, together with Energy Dispersion X-Ray
measurements, have been used to qualitatively analyse the samples.
The characterization method has been experimented on the first prototypes of target
systems, in particular the Tin, Tellurium and Germanium ones.
The target will be deposited on the HOPG substrate by Electron Beam Physical
Vapor Deposition technique. In some cases, to facilitate the adhesion between the
HOPG substrate and the target layer, a buffer will be used.
Concerning the studied target elements, the best deposition parameters have been
searched.
For Tellurium and Germanium, there isn’t necessity of a buffer and the substrate can
be at room temperature during the target evaporation.
For the Tin deposition, the substrate must be heated at around 100◦ degree, even if
the exact temperature value depends on the temperature reader mechanism inside
the evaporator. Also a buffer is necessary to get a target deposition as uniform as
possible.
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This pioneering study led to the optimization of data acquisition and analysis with
the different characterization techniques. Concerning the low energy ion beams
techniques, specific codes have been implemented to calculate the sample thickness
features starting from the ion energy distribution. These codes will be used during
the NUMEN phase 4 to perform an accurate analysis of the thickness distribution of
the target systems before they are submitted to the cyclotron ion beam.
The Alpha Particle Transmission technique can study both the average thickness and
the thickness uniformity of target deposition and substrate, through the comparison
between the analysis of the substrate alone and the analysis performed on the entire
target system. The thickness non-uniformity evaluation can be achieved using an al-
pha particle detector with a very good energy resolution: silicon detectors can easily
fulfil this requirement.
The Rutherford Backscattering technique can be used to evaluate the average thick-
ness of each layer composing the target system, including the buffer. Moreover, it
can perform the elemental analysis of the sample, revealing the elements of each
layer.
The microscopy techniques, as Field Emission Scanning Electron Microscopy and
Atomic Force Microscopy, can qualitatively analyse the sample surface topography,
allowing a qualitative immediate evaluation of the deposition uniformity. AFM can
provide qualitative estimations of the superficial thickness uniformity. With the de-
tection of the X rays, by EDX, also the elemental analysis of the sample can be per-
formed.
All these different type of studies have been employed to characterize the first pro-
duced NUMEN target prototypes. The Monte Carlo simulation has been used to
understand if the thickness features of the prototypes are suitable to preserve a good
overall energy resolution. The results show that the Tellurium and Germanium pro-
totypes have a thickness uniformity good enough to fulfil the strict requirements on
the energy resolution. Instead, the Tin depositions thickness non-uniformity is still
not satisfactory, since does not allow to distinguish among the energy levels of the
DCE products. More studies have to be done in this direction.

7.2 Future Research

Even if a big portion of the R&D study on the NUMEN target systems for the Phase
4 has been already done, much remains to be done.
The most has to be achieved on the deposition of the target system prototypes.
First of all, the deposition process of the Tin target must be studied in more de-
tails, to understand if a better thickness uniformity can be reached. If not, the target
thickness will have to be reduced, to minimize in this way energy dispersion and
straggling.
Then, the deposition processes of many other target elements have to be studied, as
76Se, 12C, 48Ti and 116Cd.
It must be also reminded that the deposition processes, after being optimized by de-
positing the natural isotopes, have to be repeated with the isotopes required to get
the DCE reactions. This further step will require more attention to avoid wasting the
costly elements.
Concerning instead the development of a complete characterization procedure suit-
able to study in all the details the NUMEN target system, the most important steps
have been fully studied in this PhD research.
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It is fundamental to know with very high precision not only the elemental composi-
tion of the target, but also its thickness and its thickness uniformity, before submit-
ting the target system to the ion beams in DCE cross-section measurements.
Thanks to the research described in this Thesis, now the NUMEN Project can rely
on a fully designed method that will provide quantitative, accurate and in some
cases also redundant information of the entire target system, whose each part will
be precisely characterized. Each type of the described techniques will be used to
get as much as possible reliable data. The sequence of operations to characterize the
targets will be followed, during the experiment, as outlined in this PhD thesis. The
results obtained with each analysis tool will be compared, where and when possible,
with the results obtained with the other techniques; this process will allow to reach
a full 360◦ degree characterization of the NUMEN target systems.

In conclusion, this research will allow the NUMEN Project to understand if a
produced target system is suitable for the Project aims. By choosing target systems
with good thickness uniformity and whose characteristics are well know, it will be
possible to guarantee a good energy resolution in the measurements of the DCE
ejectile energies, by minimizing all the effects related to the target system that could
bring uncertainties.
This research related to the target system, together with all the developments related
to the NUMEN measurements acquisition and analysis, will be decisive to reach
the NUMEN scientific goals. The measurements of the Double Charge Exchange
reactions will be useful, as described in the first Chapters of this Thesis, to help the
scientific community in the fascinating research of the neutrino’s nature.
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Appendix A

Two-bodies kinematics: massive
particle scattering

A particle with mass m1 and absolute value of the relativistic three-impulse pi is sup-
posed to scatter with a particle with mass m2 that is at rest.
In the following, a reference system with the x axis along the three-impulse direction
will be used. p̄3 and p̄4 are the three-impulses of the two particles after the scatter-
ing, whose masses will be m3 and m4. p̄1, p̄3 and p̄4 lie in the same plane. θ3 and θ4
are the angles between, respectively, p̄3 and p̄4 with the x axis. The first components
of the four-impulses are called E1, E2, E3 and E4, being the respective energies.
Before using the first principle of the relativistic dynamics, it is important to remind
the equations that determine the initial state as function of the masses and of the
absolute value of the initial three-impulse, that are supposed as known. The four-
impulses are indicated with the capital letters, while the subscripts i and f are used
for the known quantities before and after the scattering.

E2
1 = m2

1 + p2
1

E2
2 = m2

2

E2
i = (E1 + E2)

2

(A.1)

The four-impulses are:

P1 = (E1, p1, 0, 0)
P2 = (E2, 0, 0, 0)
Pi = (Ei, p1, 0, 0)

(A.2)

where the components of the four-impulses are energies. Analogously, for the final
state:

P3 = (E3, p3cosθ3, p3senθ3, 0)
P4 = (E4, p4cosθ4, p4senθ4, 0)

Pf = (E f , p3cosθ3 + p4cosθ4, p3senθ3 + p4senθ4, 0)
(A.3)

Remarks about the coordinates
Equations A.1 and A.2 are written in the Cartesian reference system. Equations of
A.3 are using the spherical coordinates and the azimuthal angle is taken zero, due to
the planar feature of the scattering. Therefore both θ3 and θ4 range from 0 to π.
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Now, the first principle of the relativistic dynamics can be used for the equiva-
lence Pi = Pf of the initial and final total four-impulses:

Ei = E3 + E4 =
√

m2
3 + p2

3 +
√

m2
4 + p2

4

p1 = p3cosθ3 + p4cosθ4

p3senθ3 = p4senθ4

(A.4)

From the third equation of A.4 it can be observed that θ3 and θ4 have opposite signs.
After some algebraic passages:

(Ei −
√

m2
3 + p2

3)
2 = m2

4 + p2
4

(p1 − p3cosθ3)
2 = p2

4cos2θ4

p2
3sen2θ3 = p2

4sen2θ4

(A.5)

E2
i + m2

3 + p2
3 − 2Ei

√
m2

3 + p2
3 −m2

4 = p2
4

p2
1 − 2p1 p3cosθ3 + p2

3 = p2
4

p3senθ3 = p4senθ4

(A.6)

E2
i + m2

3 + p2
3 − 2Ei

√
m2

3 + p2
3 −m2

4 = p2
1 − 2p1 p3cosθ3 + p2

3

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

p3senθ3 = p4senθ4

(A.7)

E2
i + m2

3 − 2Ei

√
m2

3 + p2
3 −m2

4 = p2
1 − 2p1 p3cosθ3

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

p3senθ3 = p4senθ4

(A.8)

E2
i + m2

3 −m2
4 − p2

1
2Ei

+
2p1

2Ei
p3cosθ3 =

√
m2

3 + p2
3

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

p3 = senθ3 = p4senθ4

(A.9)

Defining:

d ≡
E2

i + m2
3 − p2

1 −m2
4

2Ei

βi ≡
pi

Ei

(A.10)
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The equations of A.9 become:

d + βi p3cosθ3 =
√

m2
3 + p2

3

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

p3senθ3 = p4senθ4

(A.11)

p2
3(1− β2

i cos2θ3)− 2dβicosθ3 · p3 + m2
3 − d2 = 0

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

p3senθ3 = p4senθ4

(A.12)

Defining:

c ≡ m2
3 − d2

b ≡ dβicosθ3

a ≡ 1− β2
i cos2θ3 ≥ 0

(A.13)

The final result is:

ap2
3 − 2bp3 + c = 0

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

p3senθ3 = p4senθ4

(A.14)

p3 =
b±
√

b2 − ac
a

p4 =
√

p2
1 − 2p1 p3cosθ3 + p2

3

θ4 = arcsen
(

p3

p4
senθ3

) (A.15)

A.1 Discussion of the solution

From the first of the equations of A.15, it is possible to observe that there are two
possible values for p3, and consequently for p4 and θ4, provided that both solutions
give p3 positive.
The discriminant of the second of the equations of A.15 is always positive:

p2
1 − 2p1 p3cosθ3 + p2

3 = (p1 − p3)
2 + 2p1 p3(1− cosθ3) ≥ 0 (A.16)

Therefore a value of p4 exists for each positive value of p3.
Concerning the discriminant of the first of the equations of A.15, it is possible to ob-
serve that there are two cases:
Case 1: c < 0
Since a > 0 (see A.14), the discriminant is positive and greater than b2: therefore
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the negative solution of p3 is not acceptable. There is always one and only one kine-
matical solution of the reaction, dependent on the θ3 angle, the initial masses and
impulse and final masses.
Case 2: c > 0
In this case there is the possibility of a negative discriminant, which excludes the
existence of any solution for the reaction. To better discuss this case, it is useful to
write explicitly the discriminant as a function of all the parameters and impose it be
positive:

b2 − ac = m2
3 · β2

i · cos2θ3 − (m2
3 − d2) ≥ 0 (A.17)

cos2θ3 ≥
m2

3 − d2

m2
3 · β2

i
(A.18)

cosθmax
3 =

√
m2

3 − d2

m2
3 · β2

i
(A.19)

θmax
3 = arccos

√
m2

3 − d2

m2
3 · β2

i
(A.20)

Therefore in this case there is a maximum angle θmax
3 over which there is no solution

for the reaction. Below θmax
3 , there are two solutions in p3, p4 and θ4, which corre-

spond to the same exit angle θ3 of the mass m3.
It must be remarked that p4 depends on both the angle θ3 and the initial momentum
p3.

p3(+) =
b +
√

b2 − ac
a

p4(+) =
√

p2
1 − 2p1 p3(+)cosθ3 + p2

3(+)

θ4(+) = arcsen
(

p3(+)

p4(+)
senθ3

) (A.21)

p3(−) =
b−
√

b2 − ac
a

p4(−) =
√

p2
1 − 2p1 p3(−)cosθ3 + p2

3(−)

θ4(−) = arcsen
(

p3(−)
p4(−)

senθ3

) (A.22)
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