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Abstract The proton-boron fusion reaction ' B(p,a)a« is
of significant interest in nuclear physics, with implications
in nuclear engineering, medicine, astrophysics, and fusion
energy. Despite extensive research, understanding the reac-
tion mechanism and kinematics remains elusive, underscor-
ing the need for more experimental data. This study aims
to quantify the p-11B reaction cross section across a proton
energy range from 0.34 to 4.73 MeV. A novel experimen-
tal setup integrates custom-produced boron-coated targets
with a two-stage monolithic silicon telescope for particle
detection. The boron targets were fabricated using Pulsed
Laser Deposition technique, allowing precise control over
the target’s properties. By utilizing a double-stage silicon
device, accurate measurements of particle energy spectra
were obtained, discriminating « particles from scattered pro-
tons. The experimental campaign used a Van de Graff accel-
erator as a proton source. Monte Carlo simulations based
on the FLUKA code assessed the actual reaction energy of
primary protons. This study presents a novel proton energy-
dependent cross-section behavior in the energy range from
0.34 to 4.73 MeV, including uncertainties on proton energy
and cross-section values, along with detailed « particle spec-
tra at these energies. Comparison with literature data shows
strong agreement for proton energies above the 0.675 MeV
resonance peak, up to 3.5 MeV. A significant increase in the
cross section close to 4.5 MeV indicates a potential unex-
plored resonance in this energy range. These findings sug-
gest the need for expanding the energy range of cross-section
evaluation and exploring possible resonances, particularly
around 5 MeV.
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1 Introduction

In the last years, the research related to the 11B(p,oz)otoz reac-
tion, denoted now on as the p-11B, gained renewed interest,
since it could be relevant for different research areas. Among
these, several efforts focused on medical and energy appli-
cations. Concerning the former sector, a treatment named
Proton Boron Capture Therapy (PBCT) has been proposed
as a possible strategy to improve conventional proton ther-
apy. After initial theoretical and computational studies on
PBCT [1-3], some experimental results showed a significant
increase in the effectiveness of proton beam irradiation of
'1B_containing cells [4-6], although the underlying radio-
biological mechanisms have not been fully clarified [7-11].
Moving to energy applications, since decades the charac-
teristics of the p-11B reaction are known to be appealing
to conceive nuclear fusion schemes [12]. Indeed, unlike the
well-known deuterium-tritium (DT) reaction, the p-11B one
requires the use of abundant and stable isotopes and is aneu-
tronic, potentially leading to a limited material activation
and, in turn, to a low amount of radioactive waste. However,
the p-11B requires a plasma temperature of approximately
300 keV, which is 30 times higher compared to the DT reac-
tion [17], thus imposing several challenges for its practical
use. Despite this, in the last years the scientific community
has demonstrated a growing interest in this field, considering
both laser-driven fusion [13—-15] and magnetically confined
fusion approaches [16,18].

To assess the potential of the mentioned applications,
detailed knowledge of a crucial experimental quantity such as
the reaction cross section emerges as a fundamental step. In
this respect, efforts have been performed in the last decades
by increasing the proton energy. Moreover, measuring the
cross section of a three-body nuclear reaction is inherently
complex due to the continuous emission spectrum, which
requires the ability to effectively discriminate between the
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produced particles and the incident ones. Most of available
datasets focuses on proton energies Ep ranging from 10s to
100s of keV up to 4 MeV [19-30], considering both the
cross section related to single reaction channels or the total
one. On the contrary, information concerning higher pro-
ton energies can be found in fewer publications [22,31,32].
Moreover, independently of the specific proton energy, dis-
crepancies can be observed between the literature data both
in the energy scale and cross section values [21,33], mainly
attributable to the different approaches adopted for removing
the contribution of primary protons scattered by the target to
the measured spectra: the use of thin metallic foils as fil-
ters [24-26], the adoption of specific detector configurations
[21,22,24] or the reconstruction of the low-energy region
by means of theoretical assumptions [19,27,29]. Moreover,
some results were obtained with a limited characterization
of boron target properties, often retrieved indirectly during
or after the experiments [26,28,34].

In this scenario, more robust and reliable « particle spectra
and cross section data over a relatively large range of proton
energies are needed to achieve a better understanding of the
reaction physics through the development of proper models
related to reaction mechanism [35,36] or the benchmarking
of simulation tools such as the Monte Carlo code FLUKA
[37,38]. In addition, also the abovementioned applications
can benefit. As an example, in the context of nuclear fusion,
the appearance of more accurate cross section measurements
by Sikora et al. [29] has allowed for a recalculation of fusion
reactivity which resulted 20-30% higher than the one com-
puted previously [39,40].

This work deals with an extensive investigation of the
p-11B reaction carried out with the novel experimental strat-
egy recently published by the research group [41]. The mea-
surement set-up consists of a two-stage monolithic detec-
tion system, able to discriminate different types of particles
impinging on it, and well characterized boron-coated targets,
properly re-designed to avoid the limitations emerged in [41].
Both enriched boron-11 and natural boron targets were irra-
diated, and the impinging proton energy was tuned in the
range 0.3-5 MeV. Thanks to the peculiarities of the detector,
the total energy distribution of the generated « particles has
been measured by means of an event-by-event discrimination
of scattered primary protons. This allowed for precise calcu-
lation of the reaction cross section, without any analytical
assumption or extrapolation.

2 Materials and methods
The present description of the physics of the reaction is based
on a two-step process [42]. The interaction of the proton

with the ''B nucleus (the Coulomb barrier of the system is
estimated equal to 1.55 MeV [43]) forms a 120 compound
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Fig. 1 The reaction scheme for five excited states of '2C is shown.
The arrows indicate the possible decay channel («g or «1) according to
the conservation of angular momentum and parity

nucleus in one of its excited states according to the incident
proton energy [44]. The decay of the '>C* nucleus is mod-
elled as a sequence of a two-breakup process in which the
12¢* nucleus first produces a primary o particle and a  Be
nucleus (12C* — Oprim + 8Be) that, in turn, breakups into
two secondary o particles (] Be— Ugec,1 + Qsec,2). As shown
in Fig. 1, in the first step, the 8 Be nucleus can be produced
in its ground state (J™ = 0T) or in its first excited state
(J® = 21), which are referred to as the o channel and o
channel, respectively. For proton energies in the range E ), =
0.1 = 3 MeV, the reaction has been experimentally investi-
gated and, using the two-step model, the breakup of different
12¢ states (16.11, 16.62, 17.23, 17.76 and 18.38 MeV) has
been described [19-28,34,42,45-49].

Nonetheless, some discrepancies and open points are still
present. As far as how the o1 channel reaction proceeds at the
resonance E;, = 0.675 MeV is concerned, a complete under-
standing of the break-up mechanism seems to be missing.
Indeed, in more recent works, some authors report that the
primary « particle should have orbital angular momentum
[ equal to 1 [26], while other authors report [ = 3 [28,49]
or a mixture of the two in agreement with the findings of
previous works [34]. 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, ¢ particle-proton ratio, « parti-
cle spectrum) is crucial. In this framework, the development
of the experimental set-up is fundamental.

Experimental works focus on the measurement and anal-
ysis of « particle energy spectra. At E, ~ 0.6 MeV, results
show a sharp o peak around 6 MeV, assigned to the primary of
oo channel, and a broad peak around 4 MeV, assigned to the
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primary of o channel [28]. These values increase by increas-
ing 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 [24], if the low-
energy part is considered, the interpretation is not straight-
forward, due to the presence of protons elastically scattered
by the target. To overcome this issue, some authors adopted
multiple single-stage detectors in coincidence [24,42,47,48].
Results stress the presence of a contribution in the low-energy
region associated to the secondary particles of the g channel.
Specifically, the coincidence spectrum measured by Laursen
et al. [42] show a contribution in the low-energy region (1-2
MeV). According to the authors, this is originated from triple
coincidence events mainly related to the «g channel. This is
also in agreement with modeled spectra reported in [29,49].
Nevertheless, results derived so far need further investiga-
tions and refinements.

An important role in the experimental investigation is
played by the adopted boron targets. In previous works, boron
targets were mainly produced by electron beam evaporation,
both as self-supporting foils and as films deposited over dif-
ferent kind of substrates (e.g., carbon, aluminum, tantalum,
silver). The estimation of the target mass thickness was usu-
ally performed during or after the experiments by indirect
methods [34,48], though its direct measurement could rep-
resent an improvement. Indeed, as underlined in [21] and
[27], proper characterization of the target thickness, as well
as other properties such as density and chemical composi-
tion, is important both to obtain accurate information and
in view of simulation campaigns aimed at interpreting mea-
sured data. Moreover, the exploitation of a different deposi-
tion technique that allows significant variation in the target’s
mass thickness, depending on the physical quantity being
investigated, could represent a further step forward.

Targets constituted by a metallic substrate and a boron
(B) layer were irradiated during experiments. Specifically,
the production of targets with a layer made either of natural
Boron isotopic enriched !'B was carried out.

As far as the substrate is concerned, a commercial mechan-
ical rolled aluminium (A/) foil with a thickness of 2.4 um
was employed, corresponding to a mass thickness of 650
ug/em?. A rectangular stainless-steel holder was exploited
as support for Al foils, as shown in Fig. 2a. The holder fea-
tured holes, each measuring 1.5 mm in diameter, allowing
the proton beam to pass through. Al foils were fixed over the
holes.

2.1 Boron targets

Considering the B layer, a thickness of about 500 nm was
identified as the best compromise between a low energy
spread of « particles and a sufficiently high reaction yield.
To this end, a natural B or isotopic !'B target was ablated

Fig. 2 a Picture of the perforated support used to produce the tar-
gets. b Picture of a representative irradiated target. Areas enclosed by
red dashed lines were exploited during irradiations experiments. A Si
substrate was placed in correspondence of the central shadow for char-
acterization analyses

exploiting a ns-Pulsed Laser Deposition (PLD) system [50]
to grow a film on the previously described substrate. Before
the ablation process, the vacuum chamber was pumped down
to 8:10™3 Pa. During the film deposition, the laser pulse
energy ranged between 700-750 mJ, resulting in a laser flu-
ence varying between 8-8.5 J/cm? (assuming a laser spot
area on the ablated target equal to 8.8 mm?). Moreover, the
target-to-substrate distance was fixed to 9 cm and, to improve
the uniformity of the film, a horizontal shift between the sub-
strate and the target was introduced. In this respect, a single
side polished 500 um thick (100) Si wafer was placed at the
center of the stainless-steel holder for proper characterization
and to evaluate the effective B film thickness.

Figure 2b shows the realized target. Due to the film’s resid-
ual stresses, the target exhibits the formation of corrugations.
To precisely analyze the morphological features and thick-
ness of the B film, a Supra 40 Scanning Electron Microscope
(SEM) with an accelerating voltage of 5 kV was used. As
illustrated in Fig. 3a, the planarity of the target appeared ade-
quate. This is confirmed also by higher magnification images
(see Fig.3b, c) which highlight a low amount of surface
droplets and aggregates on the film surface. Moreover, the
circular-coloured fringes visible in Fig.2b on Al foils indi-
cated a film thickness variation over the support area. Thus,
only the areas enclosed by red dashed lines in Fig.2b were
considered for irradiations experiments. The B film thick-
ness in this region was estimated using the analysis of the
Si substrate. In contrast, film composition and density were
retrieved by Energy Dispersion X Ray Spectroscopy (EDX)
measurements [51] directly performed on the B layer grown
on the Al substrate. Specifically, the mass thickness of the B
film was estimated by multiplying the thickness and density
measured as previously described. The film properties are
summarized in Table 1.

It should be noted that the detailed characterization of the
B targets in terms of thickness, density and composition is
fundamental for a reliable evaluation of the reaction cross
section. Indeed, measurements were conducted on both tar-
gets, with several taken at the same proton energy for direct

@ Springer



114 Page 4 of 12

Eur. Phys. J. A (2025)61:114

Fig. 3 a SEM plane image of natural B films deposited onto Al foil
fixed on a perforated holder. The hole position is highlighted by the
dashed circle line. b, ¢ Higher magnification SEM plane micrographs
showing a low presence of droplets and aggregates on target surface

Table 1 Thickness, composition, density and mass thickness of
deposited natural Band ''B films. Magnesium (Mg) is present as impu-
rity in the ablated natural B target

B layer Effective Atomic Density Mass

/substrate thickness Fraction Thickness
[nm] B, 0, Mg [gfem’]  [pg/em?]

Natural B 501.7 873+2% 2.35 118

/Al foil +71.5 11.1% +0.2 +20

1.6%
g 457.27 84.74+22%  2.289 105
/Al foil +27.0 15.3% + 0.06 + 6.8

comparison. Necessary corrections were applied, including
adjustments for composition, density, and mass thickness for
the natural B target. After a detailed comparison of the spec-
tra, counts, and cross sections obtained from both targets
irradiated at the same proton energy, the results were found
to be comparable. Therefore, from this point onward, no dis-
tinction between the two targets will be made in the analysis.

2.2 The double-stage silicon telescope

The double stage detector adopted for the experimental set-
up is based on a monolithic silicon telescope (MST) (see 4)
[41,52]. The two stages, called AE and E, are 1.9 um and a
500 wm thick, respectively, with a sensitive area of 1 mm?.
Both stages are collected separately by two different elec-
tronic 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. The telescope
allows physical discrimination of 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”. The
energy calibration of the system has been carried out and
verified through different 2*! Am sources.

The discrimination performed by the silicon telescope
offers the possibility of distinguishing, event-by-event, scat-
tered primary protons from o particles generated in the p-
11B reactions and, therefore, deriving spectra of « particles
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Fig. 4 Scheme of the monolithic silicon telescope

or protons only. More details about the detector and its use for
discrimination can be found in [41]. The capability of distin-
guishing protons from « particles offers the unique possibil-
ity of deriving an « particle distribution without any assump-
tion on the low energy region of the spectrum, which can be
highly distorted by the presence of the primary scattered pro-
tons.

2.3 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 sil-
icon telescope were assembled on a specific support, facing
each other, and placed into a sealed vacuum chamber posi-
tioned along the 0° beamline of the accelerator. The accel-
erated proton beam was shaped with a circular aluminium
collimator with a diameter of 1 mm. The beam current was
kept around 1 nA with a maximum 10% variation. The beam
current and the integral charge were measured through a Fara-
day cup placed downstream of the target and connected to an
electrometer which records the value of the current for each
second. The total number of protons has been calculated by
integrating the current measurements and its uncertainty has
been evaluated by considering the accuracy of the electrom-
eter only, which is equal to the 0.05% x Reading + 2 pA. For
verifying the performance of the Faraday cup in determin-
ing the correct number of protons, some experimental tests
have been performed by placing and removing the target by
moving its support. No significant variations on the beam
current have been detected. The described configuration was
adopted for maximizing the rate of the detected « particles
for studying the reaction process. A scheme of this experi-
mental set-up is reported in Fig. 5. The silicon telescope was
placed at 30 mm (4 0.2 mm) from the center of the target at
a 60° angle with respect to the proton beam axis. Therefore,
the solid angle covered by the detector is equal to 1.11 x 1073
ST.

In order to estimate accurately the actual energies that pro-
tons possess at the entrance of the boron target, Monte Carlo
simulations based on FLUKA code have been performed.
More specifically, to be as close as possible to the experi-
mental conditions, the actual proton energies at the entrance
of the boron target were iteratively calculated to reproduce
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Fig. 5 Sketch of the experimental set-up (left side) and details of the
target (right side). The image is not in scale

at best the distribution of scattered protons measured at 60°
by the MST.

The capability of the silicon telescope at discriminating
protons from « particles was exploited also for verifying the
proton energy given by the accelerator, which could be source
of high uncertainty as underlined by Munch et al. [21]. This
task was performed by comparing the energy of the elastically
scattered protons with the same energy calculated via Monte
Carlo simulation by exploiting the FLUKA code.

The comparison between the experimental distribution of
scattered protons and those obtained through Monte Carlo
simulation provided an estimation of the uncertainty on the
energy impinging on the boron target. This uncertainty was
derived from the FWHM of the elastically scattered experi-
mental proton peak with respect to the simulated one. Proton
energies mentioned in the following are referred to as those
tuned with the FLUKA simulations instead of the nominal
acceleration energies. The corresponding list of the tuned
energies is provided in Table 2. It should be noted that the
goal of the FLUKA Monte Carlo simulations was to tune
the proton energy only and not to compare the number of
scattered particles. Moreover, the simulations do not take
into account other effects, such as detector resolution and
the presence of the vacuum chamber.

2.4 Cross section evaluation and uncertainty estimation

Reaction cross sections were assessed for the two different
channels of the p-11B reaction. The differential reaction cross
section do /d2 was computed as:

do Counts

dQ ~ N;N,dQ

where N; is the number of !'B nuclei per cm? in the target,
N, is the number of incident protons, and d<2 is the solid
angle subtended by the detector.

The capability of the silicon telescope at discriminating
« particles from protons allows the calculation of the reac-
tion cross section by exploiting experimental data only, thus
avoiding other assumptions. This approach is strongly dif-

ferent with other measurement techniques in which a single
stage detector is used. In those cases, a model is used to
guess the low-energy part of « spectra (which fall under the
scattered protons distribution) [29].

The calculation of the total reaction cross section values
at each energy was performed by processing measured spec-
tra by considering all measured counts related to « particles.
Whereas, the calculation of the ¢ channel has been per-
formed by considering the counts under the higher energy
peak in the spectrum.

The uncertainty on the reaction cross section values
reported in the following was calculated by considering the
number of detected « particles, the relative distance between
the target and the detector, the target mass thickness and
composition, and the integrated proton beam charge. All the
sources of uncertainty related to the target are listed in Table
1 while the others in Section 2.3.

3 Results and discussion
3.1 Scatter plots and proton-alpha discrimination

The AE-E scatter-plots obtained for irradiations with 0.69
and 4.65 MeV protons are shown in Fig.6. As a reference,
the theoretical AE-E distribution of protons and & impinging
normally on the detector (red and black lines respectively)
are also reported.

Two main contributions can be observed: protons elasti-
cally scattered by the target and its support (events around
the black line) and « particles (events around the red line).
To discriminate between protons and « particles, a threshold
can be set between the two theoretical curves, such that most
« particles are above it while protons are below. In Fig. 6, the
selected threshold is represented in yellow and consists of a
piecewise function that mimics the behavior of the theoretical
curves. The two populations are well separated, effectively
discriminating the energy spectra of « particles from protons.

The benefit of using the MST is evident in Fig.7, where
energy spectra of « particles and scattered protons are plotted
separately after the application of the discrimination proce-
dure. If a single stage detector was used, many events pertain-
ing to « particles would be hidden by scattered protons. This
effect strongly depends on the energy of primary protons: the
higher is the proton energy, the greater the portion of the «
particle spectrum that would be hindered by a single stage
detector. This effect is clearly shown in Fig.7b, where the
overlapping between proton and « particle spectra is more
significant for protons at 4.65 MeV. Although the discrimi-
nation is more effective at higher energies, even at low ones,
e.g. 0.69 MeV protons (see Fig. 7a), it is evident that a por-
tion of the « particle spectrum would be lost without it. This
emphasizes that the need for the double-stage detector is not
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Fig. 6 Scatter-plots related to the proton and « signals. The two plots
refer to 0.69 MeV (a) and 4.65 MeV (b)

limited to higher energy protons, but even at lower energies, it
ensures a more accurate separation of particles and prevents
valuable data from being lost.

3.2 « particles energy distribution

Spectra of « particles produced by the p-11B reaction at
primary proton energies from 0.34 MeV up to 4.73 MeV are
shown in Fig. 8, where all energy values, referred to the center
of mass system, are those estimated through FLUKA Monte
Carlo simulations. Moreover, all spectra shown in Fig. 8 are
normalized to the number of the « particle counts, therefore
to unit area and, for this reason, the y-axis is presented in
terms of probability.

As expected, the o particle distributions shift towards
higher energies with increasing impinging proton energy.
The spectra reveal three distinct contributions: a peak associ-
ated to the o1 channel, a peak related to the ¢« channel, and
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Fig. 7 Energy spectra of « particles and scattered protons after the
application of the discrimination procedure. Primary proton energies
are 0.69 MeV (a) and 4.65 MeV (b)

a low-energy distribution attributed to the decay of the ®Be
nucleus.

The primary contribution to the spectra is a distribution
peaking at energies ranging from approximately 4.5 MeV to
7 MeV for proton energies between 0.34 MeV and 4.73 MeV.
This distribution is consistent with « particles generated via
the o1 channel.

The contribution from « particles associated with the o
channel is characterized by a well-defined high-energy peak,
with peak intensity which vary across different proton ener-
gies. Notably, higher peaks are observed for a proton energy
between 1.85 and 2.57 MeV.

The low-energy distribution, which becomes more pro-
nounced at higher proton energies, is consistent with sec-
ondary « particles emitted from the decay of the Be nucleus
(for both reaction channels). This confirms previous mod-
els [47] and experimental results obtained using coincidence
techniques [42]. It is important to note that this distribution
cannot be measured with a single-stage detector.
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For some proton energies (i.e., 2.88, 3.85,4.32,4.51, and
4.73 MeV), the measured « particle distributions reveal addi-
tional energy peaks. A possible explanation for these peaks
is the alpha emission form the 2’ Al(p, «)’>* Mg reaction on
the aluminum support. This reaction has a noteworthy cross
section in the considered proton energy range characterized
by some resonances. Moreover, due to the thickness of the
aluminum support compared to the boron target, this para-
sitic reaction may contribute to the detected alpha yield. As
the contributions from the two reactions cannot be discrimi-
nated, this non-trivial behavior is certainly worthy of further
measurements.

3.3 Cross section evaluation

The results obtained at various proton energies are listed in
Table 2 and visually represented in Fig.9. The data are dis-

played with corresponding uncertainties. Figure9 presents
both the total differential cross section (Fig.9a) and the par-
tial differential cross section for ¢y and o1 channels (Fig. 9b).
In addition, a comparison with data from the literature is
included in Fig. 10 to provide context and compare the cur-
rent findings. The large error bars observed at 4.73 and 4.51
MeV are due to a broader peak in the experimental proton
spectra. As a result, applying the procedure described in Sec-
tion 2.3 leads to higher energy uncertainty values.

Figure 10a presents the differential cross section at 60°
compared with data from Sikora et al. [29] measured at the
same angle. This comparison underlines the reliability of the
presented dataset at the measured angle. Taking into account
the associated uncertainties, the trend of the two differential
reaction cross section is generally in good agreement, with
the exception of the resonance peak observed around 670
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keV. Notably, the resonance peak in Sikora et al. [29] data
appears higher.

To provide a more comprehensive comparison with the
available literature data, the differential cross section was
integrated over the total solid angle, by assuming an isotropic
emission. The results are presented in Fig. 10b. Although the
emission has been shown to be non-isotropic [21], mainly for
the oo channel, the work by Spraker et al. [28] shows that the
total emission on the 675 keV resonance can be considered
isotropic while a 25% anisotropy can be seen on the 2.64
MeV resonance only. In the remaining energies in the range
0.15—3.8 MeV a maximum 5% deviation from isotropy has
been found. Moreover, the data from [29] show that the dif-
ferential cross section at 60° closely represents the average

@ Springer

Energy [MeV]

(b)

value, making the described approach acceptable within the
uncertainty values.

This comparison demonstrates a strong agreement between
the current measurements and previously published data.
Specifically, the general trend of the total reaction cross sec-
tion aligns well with the results of Sikora et al. [29], with the
exception of the resonance peak observed around 670 keV
(Fig. 10b). The coherence of this comparison with respect to
the one depicted in Fig. 10a strongly supports the previously
described assumption on the total cross section evaluation.

Instead, in the region of the main resonance the results
of this work are in better agreement with Becker et al. [26]
which show a cross section around 1.2 b. The experimental
cross section derived by Becker et al. [26] was obtained using
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complex coincidence techniques, which provide more reli-
able proton-alpha discrimination. This highlights the critical
importance of efficient proton-alpha discrimination in study-
ing this reaction. This discrepancies may be attributed to the
fact that the adopted proton energies do not match exactly
the resonance value, which is considered at 675 keV.

Figure 10b further compares the results of this study with
other cross-section data available in the literature [19,23,24].
This comparison highlights a separation into two distinct
groups for proton energies above 1 MeV. Specifically, the
present results, along with those reported by Sikora et al. [29]
and Becker et al. [26], show higher cross section values com-
pared to the data from Beckman et al [19], Segel et al. [23]
and Kamke et al. [24]. This discrepancy may be attributed
to two possible reasons: the angle at which the data were

(b)

measured and the assumptions made for selecting the alpha
related signals. Firstly, Beckman et al. [19] evaluated the total
cross section by integrating over the solid angle the measure-
ments at 97°. Secondly, in [19,23,24], different hypothesis
have been made for the discrimination between proton and
alpha particles, therefore not all the events measured in the
spectra are used for the evaluation of the cross section. In con-
trast, since the alpha energy spectra were extrapolated down
to zero using a model, Sikora et al. [29] were able to consider
the full alpha spectrum in the cross section evaluation.

It must be underlined that all the literature results pre-
sented in Fig. 10 lack any indication of experimental uncer-
tainty, which is crucial for making more detailed compar-
isons. Finally, Fig. 10 reveals a significant increase in the
cross section near 4.5 MeV, which likely indicates the pres-

@ Springer
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Table 2 Differential reaction cross section measured at 60° listed with
the correspondent proton energies. Results are reported with associated
uncertainties

Energy do/d2 [mb/sr]

on Boron [MeV] ag channel ay channel Total CS
4.73 £ 0.239 1.81 £0.21 432 +£3.1 45.0+33
4.65 £+ 0.052 0.79 £ 0.17 36.1 £2.7 369 +27
4.51 £0.288 0.63 £ 0.09 243+ 1.8 249+ 1.8
4.32 +£0.062 0.38 £ 0.06 237+ 1.7 241+ 1.7
4.09 £+ 0.062 0.20 £ 0.05 260£1.9 263+ 1.9
3.85 £ 0.052 0.22 £ 0.05 38.7+£28 389+28
3.61 £ 0.052 0.41 £ 0.08 53.0+£38 534 +39
3.36 £ 0.061 0.56 £0.11 525+£38 53.1 £3.8
3.12 £ 0.061 0.72 £0.11 350£25 357+£26
297 £0.071 0.73 £ 0.09 30.6 £2.2 314+£2.1
2.88 £ 0.080 0.52 +£0.10 274 £20 279 £2.0
2.82 £ 0.052 1.13£0.13 289 £2.1 30.0£20
2.57 £0.061 7.53 £ 0.64 39.5£29 47.0 £ 3.1
2.38 £ 0.080 7.60 £ 0.62 31.7£23 393+£26
2.07 £ 0.098 2.18 £0.20 202£1.5 224+ 1.5
1.99 £ 0.089 1.18 £ 0.12 192+14 203+ 1.4
1.85 £ 0.088 2.81 £0.25 195+14 223+ 1.5
1.63 £ 0.078 1.36 £0.20 221£1.6 235+ 1.7
1.41 £ 0.077 1.70 £ 0.17 227£1.6 244+ 1.6
1.19 £ 0.085 1.47£0.23 18814 203+ 1.5
1.06 £ 0.075 1.51 £0.15 155+ 1.1 170 £ 1.1
0.90 £ 0.090 1.11 £0.13 206 £ 1.5 21.7+£1.5
0.75 £ 0.087 0.86 £ 0.13 474 +34 482 +32
0.71 £ 0.086 0.98 £ 0.27 46.6 £3.5 47.6 £3.6
0.69 £+ 0.085 1.71 £ 0.37 554 +£42 57.1 £4.2
0.58 £+ 0.059 0.47 £0.32 80.0 £ 12.5 80.5 £ 12.6
0.43 £ 0.044 0.43 £0.39 462 +£7.1 46.6 +7.2
0.34 £ 0.035 <1073 8.8+ 14 8.8+ 14

ence of an additional resonance in this energy region. In
particular, Fig. 10b presents data alongside possible excited
states of 12C, reinforcing the likelihood of a new resonance
peak that warrants further investigation.

4 Conclusions

This study provides an evaluation of the p-11B nuclear reac-
tion cross section over a proton energy range of 0.34 to
4.73 MeV, using a novel experimental setup featuring boron-
coated targets produced via Pulsed Laser Deposition (PLD)
and a monolithic silicon telescope for effective particle dis-
crimination. The use of a two-stage detector was critical in
enabling the separation of scattered protons from « particles,

@ Springer

allowing for accurate measurements of o spectra without the
interference typically seen in single-stage detectors.

This capability is essential, especially in the low-energy
region of the spectrum where scattered protons can overlap
with the o particle spectra. The obtained energy spectra show
a strong agreement with prior studies, particularly at higher
proton energies, pointing out that the experimental proton-
alpha discrimination is crucial for the study of this complex
reaction.

However, some discrepancies were observed at lower pro-
ton energies, particularly closed to the resonance peak iden-
tified in earlier studies. On the other hand, the results are gen-
erally consistent with the average values observed in other
cross-section data available in the literature. These discrep-
ancies highlight the sensitivity of the reaction cross section
to precise energy calibration and the importance of further
refining energy measurements in future experiments and the
importance of assessing an experimental uncertainty on the
obtained values.

One of the most significant findings in this study is the pro-
nounced increase in the reaction cross section near 4.5 MeV,
suggesting the possible existence of an additional resonance
in this energy range. This observation is noteworthy, as previ-
ous studies lack data in this specific energy window, leaving
this potential resonance largely unexplored. The presence of
this resonance could have important implications for both
theoretical models and practical applications of the p-11B
reaction.

This work successfully demonstrates the use of a two-
stage silicon telescope for accurate cross section measure-
ments and particle discrimination in the p-11B fusion reac-
tion. The results not only corroborate existing data at higher
energies but also point to new areas for further investiga-
tion, particularly around the 4.5 MeV resonance. Addition-
ally, refining proton beam energy calibration techniques will
be crucial in resolving the observed discrepancies at lower
energies and improving the overall accuracy of cross section
measurements. Finally, it should be noted that the cross sec-
tions described in this work have been calculated by consid-
ering a single emission angle (60° in the laboratory frame):
a complete and more comprehensive work should consider
also other emission angles. For the same reason, the inter-
pretation of the mono-energetic « particle emission for cer-
tain energies needs a deeper understating corroborated with
measurements for other angles. This will be matter of future
work.
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