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ABSTRACT

The fusion reaction !'B(p,a)ao draws attention since the dawn of nuclear physics for its relevance and potential
application in different fields, from nuclear fusion to astrophysics and hadron therapy. Nevertheless, the
understanding and description of the physics of the reaction still have some important open points, both
theoretical and experimental. Among others, the energy and angular distributions of a particles produced by
the different reaction channels need to be further characterized, especially at low energies. To this aim, a novel
experimental set-up was conceived by combining well-characterized boron-coated targets and a two-stage
monolithic detection system. Targets were produced by Pulsed Laser Deposition, a technique that allows to
finely tailor thickness, density and chemical composition of coatings. The detection system, based on a AE-E
silicon telescope, was developed to perform an effective identification and discrimination between o particles
produced by the p-!'B reaction and primary protons, essential for the reaction kinematic analysis at low
energies. Irradiations were performed by bombarding a boron-coated foil with primary protons of energies in
the range 1-2.4 MeV. Results show the effectiveness of the particle discrimination. Measured energy
distributions highlight the contribution of a particles generated in the two main reaction channels. The reaction
cross section was derived for each reaction channel at the different investigated energy and compared with
literature data. The experimental set-up was also simulated through the Monte Carlo code FLUKA to test the

model capabilities recently implemented in the code.
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I. INTRODUCTION

The study of the !'B(p, o)ao reaction (hereinafter pB11) has been addressed since the dawn of nuclear physics,
as evidenced by the pioneering experiments by Oliphant and Rutherford [1] and Gilbert and Dee [2]. In the
last years, the research related to this reaction gained renewed interest, since it could be relevant for different
research areas. Nowadays, the pB11 represents a potential candidate for the development of the so-called
aneutronic fusion [3,4], a process that could avoid the issues related to the high neutron flux generated by the
most commonly employed deuterium-tritium reaction. Moreover, pB11 is of interest both in nuclear
astrophysics [5,6] and in nuclear reaction analysis [7]. More recently, the reaction has been proposed for the
development of an enhanced proton therapy [8] and for the realization of a particles sources using high energy
and high intensity lasers [9]. In this respect, to get a more comprehensive picture of the reaction, it is worth to
briefly review which is the current understanding of the related physics and which are the main experimental

approaches and results reported in previous works.

A. Reaction Physics
The present description of the physics of the reaction is based on a two-step process [10]. The proton,
interacting with the ''B nucleus, leads to the production of a ?C* compound nucleus in one of its highly excited
states according to the incident proton energy. The decay of the "*C* nucleus is modelled as a sequence of a
two breakup process in which the '*C* nucleus firstly produces a primary o particle and a *Be nucleus ('*C*
— Oprim + °Be) that, in turn, breakups in two secondary a particles ({Be— 0isec,1 + Osec.2). Specifically, in the first
step, the *Be nucleus can be produced in its ground state (J™=0") or in its first excited state (J™=2"), which are
referred as the oo channel and a; channel, respectively. Figure 1(a) shows the reaction scheme for some '2C
energy levels based on existing literature [ 11]. Analytical or experimental reaction cross sections that explicitly
assume this scheme were also reported in literature [12, 13] or implemented in the Monte Carlo code FLUKA
[14,15]. Figure 1(b) compares available results by highlighting the '2C energy levels which should play a role
(vertical lines). For proton energies in the range Ep = 0.1+3 MeV, the reaction has been experimentally
investigated and, using the two-step model, the breakup of different >C states (16.11, 16.62, 17.23, 17.76 and
18.38 MeV) has been described [10,12,16-36]. Nonetheless, some discrepancies and open points are still

present. For example, as far as how the o, channel reaction proceed at the resonance Ep=0.675 MeV, a complete
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understanding of the break-up mechanism seems to be missing. Indeed, in more recent works, some authors
report that the primary a particle should have orbital angular momentum [ equal to 1 [30], while other authors
report [=3 [33,34] or a mixture of the two [36] in agreement with the findings of previous works. Thus, it is
evident that further efforts are needed for a complete comprehension of the reaction, also in view of the
discussed applications. Specifically, the availability of reliable experimental data about fundamental quantities
(e.g, cross section, a particle-proton ratio, a particle spectrum) is crucial. In this framework, the development
of the experimental set-up is fundamental.
B. State-of-the-art

Experimental works focus on the measurement and analysis of a particle energy spectra. At Ep = 0.1 MeV,
results show a sharp a peak around 6 MeV, assigned to the primary of oy channel, and a broad peak around 4
MeV, assigned to the primary of a; channel. Those values increase by increasing the energy of incident protons.
This is the experimental evidence in the high-energy part of the measured o spectra. However, as already
stressed in earlier works [21], if the low-energy part is considered, the interpretation is not so straightforward,
due to the presence of protons elastically scattered by the target. To overcome this issue, some authors adopted
multiple single-stage detectors in coincidence [10,19,21,32,35]. Results stress the presence of a contribution
in the low-energy region associated to the secondary particles of the oo channel. Specifically, the coincidence
spectrum measured by Laursen et al. [10] show a contribution in the low-energy region (1-2 MeV). According
to the authors, this is originated by triple coincidence events mainly related to the oo channel. This is also in
agreement with modelled spectra reported in [33,37]. Nevertheless, results obtained through coincidence
techniques need to be integrated by further assessments of reaction cross sections.

An important role in the experimental investigation is played by the adopted boron targets. In previous works,
boron targets are mainly produced by electron beam evaporation both as self-supporting foils and as films
deposited over different kind of substrates (e.g., carbon, aluminium, tantalum, silver). In many cases, the target
mass thickness, usually ranging from a few pg/cm? to a few 100s pg/cm?, is only indirectly estimated during
or after experiments. However, as underlined in [12,31], a proper characterization of the target thickness, but
also of other properties such as density and chemical composition, is of relevance both to obtain accurate

information and in view of simulation campaigns aimed to interpret measured data. Moreover, the exploitation



of a different deposition technique that allows to vary considerably the mass thickness of the target, according

to the physical quantity to be investigated, could represent a further step forward.

C. Concept of this work

A novel experimental set-up was conceived by combining a proper boron targets production and
characterization strategy and a two-stage monolithic detection system. Targets are produced by Pulsed Laser
Deposition, a technique that allows to finely tailor thickness, density and chemical composition of coatings.
The detection system, based on a AE-E monolithic silicon telescope (MST), is developed to perform an
effective physical identification and discrimination between o particles produced by the pB11 reaction and
scattered protons, essential for the reaction kinematic analysis at low energies. The set-up is conceived to
measure the whole energy spectrum of o particles to finely and directly characterize cross sections of the
different reaction channels without any analytical assumptions or extrapolations.

In addition, the described experimental scheme was accurately reproduced and simulated using the Monte
Carlo code FLUKA allowing both to optimize the proposed set-up and to compare the main features

implemented in FLUKA related to the physics of the reaction with experimental results.
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FIG.1. (a) The reaction scheme for five excited states of '>C is shown. The arrows indicate the possible decay channel (a
or o) according to the conservation of angular momentum and parity. (b) The cross sections from some literature data
are reported together with the cross sections extracted from FLUKA. The coloured lines indicate the energy of the '2C

excited states considered from the above scheme and the corresponding resonance energy for the reaction [11-13, 37].



II. MATERIALS AND METHODS

A. Boron targets

The selection of a proper target for a first experimental campaign was bound to the minimum proton energy
delivered by the accelerator (see paragraph D in the present section), equal to 2 MeV. To have a lower proton
energy at the boron layer, a low density 50 pm thick plastic substrate was considered. Therefore, boron (B)
films have been deposited by Pulsed Laser Deposition (PLD) onto 50 um thick PolyMethylMethAcrylate
(PMMA) substrates and, for comparison and proper characterization, onto single side polished 500 um thick
(100) Si wafers. The adopted experimental setup is described in [38]. In all the depositions the background
pressure was in the range 4+6-10" Pa and the ablated target to substrate distance was set at 6 cm. The laser
pulse energy varied between 735+750 mJ, resulting in a laser fluence of 8.5 J/cm? (the laser spot area is
assumed equal to 8.8 mm?) and a deposition rate of about 70 nm/min. The morphological features were
assessed by a Supra 40 Scanning Electron Microscope (SEM) with an accelerating voltage of 5 kV. SEM
analyses of the B films deposited onto Si substrates are displayed in Figure 2(a) and 2(b). As already reported
by Dellasega et al. [38], the film surface (Figure 2(a)) is quite smooth but due to the formation of molten
droplets during the target ablation process, a certain number of micro and nanoaggregates are present. The
cross-section SEM image (Figure 2(b)) shows a featureless amorphous morphology in which the previously
mentioned film defects are clearly visible.

When the PMMA substrate is considered, the film surface (Figure 2(c)) results rougher and with and increased
number of defects with respect to the films deposited on Si. At low magnification (Figure 2(d)), it can be
observed that after the deposition the substrate surface is no longer flat, but it is characterized by the presence
of corrugations and wrinkles on which the film is deposited. This is probably due both to a partial softening of
PMMA during the deposition and to the high residual stress state associated to the amorphous B film. As a
result, even for film thicknesses in the order of 100s of nm, the residual film stresses are sufficient to cause the
PMMA substrate to roll up on itself. Thus, to overcome this problem, the scheme depicted in the left part of
Figure 2(e) was adopted. By means of carbon adhesive tape, the PMMA substrate was framed inside an in-
house made deposition double mask presenting a central square hole (2 cm x 2 ¢cm) exhibiting the PMMA
surface to be deposited. Exploiting this configuration, it was possible to keep the PMMA substrate flat and to

obtain B targets as shown in the right part of Figure 2(e). Specifically, adjusting the deposition time, B films
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with an expected thickness of 1 um and 5 pm were grown. The effective thickness, composition and density
were assessed through the analysis of a silicon substrate inserted during the deposition on PMMA. Energy
Dispersion X Ray Spectroscopy (EDXS) was performed to retrieve film composition. Density has been
estimated using a quartz crystal microbalance (QCM), knowing the effective thickness evaluated through SEM

cross section. The film properties are listed in Table I.

© T Masks
PMMA substrate

FIG. 2. SEM plane view (a) and cross section view (b) of B films deposited onto Si substrate. (c-d) SEM plane views of
B films deposited onto PMMA substrate at different magnification. (e) The scheme adopted to keep the PMMA substrate

flat (left) and the realized B target to be irradiated (right).



Expected Effective Atomic Fraction Density [g/cm’] Mass Thickness

Thickness [nm] Thickness [nm] B O Mg [pg/cm’]
1000 900+40 82% 17% 1% 211.84+27.44
5000 4580+150 86% 12% 2% 2.35£02 1078.04+127.1

TABLE I. Thickness, composition, density and mass thickness of deposited B films. Magnesium (Mg) is present as

impurity in the ablated target.

B. The double-stage silicon telescope
The double stage detector adopted for the novel experimental set-up is based on a monolithic silicon telescope
(MST). It is a layered silicon device constituted by a thin surface stage coupled to a deeper thick stage made
out of the same wafer through deep ion implantation. The sketch of the device is shown in Figure 3. The two
stages have a lateral extension of 1 mm?. The first thin stage, 1.9 um in thickness, provides an information
strictly related to the stopping power of the impinging particle, while the second one, 500 pm in thickness, can
measure the energy of the impinging particle [39,40]. Both stages, called AE and E, respectively, are collected
separately by two different electronic chains. Signals are acquired by a two-channel ADC in coincidence mode
to keep the time correlation between the E and AE events. The time resolution of the coincidence was 1 ps for
minimizing the pile up probability (lower than 10*). The telescope allows to physically discriminate the type
of the impinging particle by processing the bi-variate distribution of events, i.e. by elaborating the-so-called

“AE-E scatter-plot”.
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FIG. 3. Scheme of the monolithic silicon telescope.
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The discrimination carried out by the silicon telescope offers the possibility of distinguishing, event-by-event,
scattered protons from o particles generated in the pB11 reactions and, therefore, deriving spectra of a particles

only.

C. Monte Carlo simulations of the p-"'B nuclear reaction

The Monte Carlo code FLUKA has recently introduced (since the 2020 release) the description of the pB11
reaction down to low energies. To date, FLUKA is a general-purpose Monte Carlo tool which implements the
low energy reaction cross section and a complete transport of the generated o particles. The reaction cross
section (for both channels) exploited by the code is plotted in Figure 1(b) compared with recent literature data
[37].

FLUKA well reproduces the energy and the magnitude of the main reaction resonance at 675 keV, while it
generally underestimates the reaction cross section for higher energies and it does not consider the other
resonance at about 2.5 MeV. Moreover, the energy dependence of the oy channel cross section is similar to the
total, being an order of magnitude lower. This is in contrast with data found by Spraker et al. [34] and Munch
et al. [12], where the oy channel demonstrated at least 2 resonances at 2.64 and 3.5 MeV and a completely
different spectral behavior. Nevertheless, the order of magnitude of the absolute value of the cross section, for
energies greater than about 1 MeV, is on average in agreement with literature data summarized by Munch et
al. [12].

Monte Carlo simulations were carried out for optimizing the experimental set-up to be exploited. In particular,
the target with its composition and thickness and the silicon telescope were reproduced in detail in the code.
The energy deposited in both stages of the detector by a particles and protons was scored to allow a comparison

with experimental results.

D. Experimental set-up
The experimental campaign was carried out at the 7 MV CN Van de Graaff accelerator of the INFN —
Laboratori Nazionali di Legnaro (LNL) in Legnaro, Italy. The targets and the silicon telescope were assembled
on a specific plastic support, facing each other, and placed into a sealed vacuum chamber positioned along the
0° beamline of the accelerator. The accelerated proton beam was shaped with a circular aluminium collimator
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of 1 mm in diameter. Protons cross the target by interacting with the 50 pm PMMA substrate layer before
reaching a boron target 900 nm in thickness. The silicon telescope was located at 60° with respect the beam
direction. Accelerated proton energies were set equal to 2.1, 2.3, 2.8 and 3.1 MeV. The beam current (and the
integral charge) was measured through a Faraday cup placed downstream of the target and connected to an
electrometer. The configuration was adopted for maximizing the rate of the detected a particles for studying

the reaction process. A scheme of this experimental set-up is reported in Figure 4(b).

The 50 um PMMA layer was adopted to degrade the energy of accelerated protons, limited to a minimum
value of 2 MeV by the accelerator. Energies that protons actually possess at the entrance of the boron target
were calculated through Monte Carlo simulations that implements in detail the whole experimental set-up.
More specifically, to be as close as possible to the experimental conditions, the actual proton energies at the
entrance of the boron target were iteratively calculated to reproduce at best the distribution of scattered protons
measured at 60° by the MST. From now on, proton energies will be referred at the boron surface as reported

in Table II.
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Faraday cup

Proton beam

PMMA layer = Boron layer

FIG. 4. (a) Picture of the experimental set-up. (b) Sketch of the experimental set-up.

Accelerated Average Proton Energy at the Boron
Proton Energy [MeV] Target [MeV]
2.1 1
23 1.3
2.8 2
3.1 2.4

TABLE II. Proton energies before and downstream the PMMA substrate.
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III. RESULT AND DISCUSSION
The AE-E scatter-plots obtained in irradiations with 1.3 and 2.4 MeV protons are shown in Figure 5. As a
reference, plots show the theoretical AE-E distribution of protons and o impinging normally on the device (red

and black lines).

-2 1| — 10~

s ——Proton
0.9 e .-t == Alpha

1072

Probability

10 1074

Probability

10" 10-%

1" 10-%

E [MeV]

FIG. 5. Scatter-plots related to the proton and a signals. The two plots refer to 1.3 MeV (left side) and 2.4 MeV (right

side) protons.

Two main contributions can be observed: protons elastically scattered by the target and its support (events
around the black line) and o particles (events around the red line). The two populations are very well separated
and therefore the energy spectra of a particles can be well discriminated from protons. Figure 6 shows a particle
events selected through a non-linear discrimination threshold from scatter-plots of Figure 5. Using 2.4 MeV
protons, in addition to the well-known high energy peaks around 8 and 6 MeV, a definite peak around 2 MeV

is clearly visible.
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FIG. 6. Scatter-plots where the contribution of a particles only is shown. The two plots refer to 1.3 MeV (left side) and

2.4 MeV (right side) protons.

The benefit of using the MST is well represented in Figure 7, where energy spectra of a particles and scattered
protons are plotted separately after the application of the discrimination procedure. If a single stage detector

were used, many events pertaining to o particles would be hidden by scattered protons.
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FIG. 7. Energy spectra of a particles and scattered protons after the application of the discrimination procedure (primary

proton energy 2.4 MeV).

13



Alpha particles spectra measured at proton energies equal to 1, 1.3, 2 and 2.4 MeV are shown in Figure 8. All

results highlight the presence of a main distribution peaked at an energy ranging from about 4.5 MeV to 6

MeV for proton energies from 1 MeV to 2.4 MeV, respectively. Values and behaviour of this distribution are

consistent with a particles generated via the a; channel protons.
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FIG. 8. Spectra of the measured a particles for different proton energies. The relative intensity of the different peaks

depends on the beam energy.

All the energy spectra show two other contributions: a well-defined high energy peak, attributable to o particles

from the g channel, and a low-energy distribution, which becomes more evident for higher proton energies.

The energies of the latter is compatible with secondary a particles emitted by the decay of the *Be nucleus (for

both reaction channels) in agreement with previous models [32] and experimental results obtained with
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coincidence techniques [10]. It should be underlined that a single stage detector is not capable of measuring
this distribution.
A preliminar quantitative analysis was carried out and reaction cross sections were assessed for the two

different reaction channels. For both channels, the reaction cross section ¢ was computed as:

—4 Counts
7= "N N,d

where N; is the number of ''B nuclei per cm? in the target, N, is the number of incident protons, and dQ is the
solid angle subtended by the detector. Since measurements were performed at a unique position, for this
preliminary calculation an isotropic emission of the a particles has been assumed.
The capability of the silicon telescope at discriminating o particles from protons allows the calculation of the
reaction cross section by exploiting experimental data only, thus avoiding other assumptions. This approach is
strongly different with other measurement techniques in which a single stage dectector is used. In those cases,
a model is used to guess the low-energy part of a spectra (which fall under the scattered protons distribution)
[37].
The calculation of the reaction cross section values at each energy was performed by processing measured
spectra as follows:
e reaction cross section associated to the oy channel were derived by integrating counts under the well-
defined high-energy peak, clearly separated from the remaining distribution.
e total reaction cross section (the sum of both channels) was evaluated by considering all measured
counts related to a particles (i.e. integral counts of spectra in Figure 8).
The results obtained at the different proton energies are shown in Figure 9 together with literature data.

Uncertainties are calculated by considering only counting statistics.
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FIG. 9. (a) Total reaction cross section measured at different proton energies (blue) compared with data by Geser et al.
(red) and Sikora et al. (black) [13,37]. (b) Reaction cross section for the oo channel (blue) compared with experimental

data from Munch et al. (black) [12].
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This preliminary comparison shows a good agreement between measurements and literature data for higher
proton energies. In particular, the total reaction cross section values agree with results from Sikora et al. [37]
at 2 and 2.4 MeV protons, while they differ at lower energies (1 and 1.3 MeV) (Figure 9(a)). The theoretical
reaction cross section calculated by Geser et al. [13] for the o, channel (which is dominant for all the considered
energies) is also shown. Figure 9(b) shows the comparison for the oo channel with data from [12]. The
agreement is good for 2 and 2.4 MeV protons, while the results differ at 1 and 1.3 MeV .

Discrepancies at lower proton energies may be due to the thicknesses of substrate and target. As previously
described, the first experimental configuration adopted for measurements employs a 900 nm boron target
deposited onto a 50 pm PMMA. At low energies, straggling of primary protons introduces an energy spread
from the accelerated value down to zero.

Results demonstrate, on the one hand, the performance of the novel experimental set-up proposed, while, on
the other hand, allow to realize which actions can be implemented to improve the overall configuration. In
particular, the effectiveness of the monolithic silicon telescope is confirmed, while there is the need of
minimizing the thickness of the target substrate (maybe changing the material) and of the boron target.

As described in section II, all the experimental campaign was accurately reproduced by the FLUKA code.
Numerical results were elaborated as the experimental ones for deriving the energy measured by the silicon
telescope. As an example, the energy distribution of a particles transported by FLUKA for the proton energy

equal to 1.3 MeV is compared to the experimental distribution in Figure 10.
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FIG. 10. Spectra of the measured o particles compared against FLUKA simulations for a proton energy equal to 1.3 MeV.

FLUKA reproduces quite well the general structure of the spectrum: energies of both the main peaks of the oy
and o channels are reproduced both in position and intensity. On the other hand, the trend for energies lower
than the main o peak show a clear discrepancy.

In spite of these partially controversial results, it is quite noticeable that a general purpose Monte Carlo tool
like FLUKA generates and transports the o particles of both reaction channels with a quite reliable reaction
cross section and kinematics. This will be certainly useful for future work and for the application of this code
to innovative techiniques based on the proton-boron fusion reaction such as the Proton Boron Capture Therapy
[8]. Certainly, the code will require some upgrades in terms of cross-sections and kinematics of the emitted o

particles.

IV. CONCLUSIONS
A new experimental set-up based on a proper boron targets production and characterization and a double-stage
monolithic silicon telescope was developed. Exploiting this strategy, it was possible to provide robust
experimental data about the proton-boron fusion reaction for improving the study and the understanding of the

related physics.
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A first set of specific boron targets, properly tailored in thickness, density and chemical composition, were
designed and developed for this purpose. These targets, constituted by a 900 nm boron layer deposited onto a
50 um PMMA substrate, were irradiated with protons of energies between 1 and 2.4 MeV. Experimental results
highlight the capability of the novel set-up of properly discriminating a particles generated by the fusion
reaction from scattered primary protons. This capability allowed to derive energy distribution of a particles in
the region typically overwhelmed by scattered protons.

Reaction cross sections at different proton energies were derived for the two different reaction channels. Values
of the total reaction cross section and of the oo channel show a good agreement with literature data for 2 and
2.4 MeV protons. Some discrepancies were found for lower energies (1 and 1.3 MeV protons). These results
suggest the need of an improvement of the target features to prevent proton beam straggling.

The simulation of the experimental set-up through the Monte Carlo code FLUKA highlights that the reaction
cross section and the reaction kinematics implemented in the code needs further improvements. Nevertheless,
a rather good description of the pB11 reaction in a general purpose tool like FLUKA widens the fields of
applications of this reaction, from nuclear fusion to radiation therapy.

The results discussed in this work show that the novel experimental set-up is very promising and extremely
useful for a comphensive approach to the characterization of pB11 reaction. After a target re-design and
production, a systematic experimental campaigns based on a wider set of primary proton energies and angles

will be performed.
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