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Energetic α-particle sources produced through proton-boron reactions
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In an experiment performed with a high-intensity and high-energy laser system, α-particle production in
proton-boron reaction by using a laser-driven proton beam was measured. α particles were observed from the
front and also from the rear side, even after a 2-mm-thick boron target. The data obtained in this experiment
have been analyzed using a sequence of numerical simulations. The simulations clarify the mechanisms of
α-particle production and transport through the boron targets. α-particle energies observed in the experiment
and in the simulation reach 10–20 MeV through energy transfer from 20–30 MeV energy incident protons.
Despite the lower cross sections for protons with energy above the sub-MeV resonances in the proton-boron
reactions, 108–109 α particles per steradian have been detected.

DOI: 10.1103/PhysRevE.103.053202

I. INTRODUCTION

The proton-boron (p-B) fusion reaction has been investi-
gated since the 1930s [1] and has received growing interest
in recent years, due to multiple applications in different fields
[2–7]. In the context of fusion for energy, this reaction has
the advantage of releasing its energy with a very low neutron
emission, which is attractive for the safety of a fusion reactor.
However, this aneutronic fuel ignites at very high temperature,
almost one order of magnitude higher than for the deuterium-
tritium fuel [8]. To achieve significant fusion gain, it has been
proposed to take advantage of secondary nuclear reactions
from products of primary reactions, using natural boron or
nitride-boron targets [9]. Although these cycles of reactions
improve the energy balance, a fusion power reactor seems
currently out of reach.

Among reaction products of p-B fusion, α particles ap-
pear in large numbers and could be a valuable secondary
source for different applications. For instance, theoretically
[10,11] and experimentally [12], the possibility to enhance
proton-therapy effectiveness thanks to proton-boron reactions
has been demonstrated. The method consists in injecting a
solution containing boron into a tumor before the proton irra-
diation [13]. This process is already clinically used in neutron
therapy [14–16]. α particles produced at low energies, having
a short mean free path comparable with the cell size, signifi-
cantly increase killing capacity. In addition, gamma emission

produced in fusion reactions may be useful for online moni-
toring and evaluation of dose deposition [17,18].

A promising approach to obtain bright α-particle sources,
has been proposed by Belyaev et al. [2] and uses laser-
accelerated proton beams to initiate fusion reactions. An
α-particle yield of about 105 α/(sr shot) has been measured
in their experiment and this yield has been continuously en-
hanced, through various experiments [4,5,19] up to a few
1010 α/(sr shot) using a subnanosecond laser pulse with a
modest intensity [6]. Main channels yielding α particles show
resonances at low energies, 150 and 675 keV. In order to
increase the number of α particles, the energies of laser-driven
protons have to be in this range or protons need to shed their
energy while slowing down in boron targets. Subsequent α

particles likewise present an energy spectrum in the range
of a few MeV. Due to their short ranges, their probability
to escape from the target is small and they may constitute a
bright secondary source only in the boron target itself.

Some medical or industrial applications require the use
of alpha beams with energies of tens of MeV. Radioisotopes
for imaging, therapy, or theranostics, such as scandium (43Sc,
44gSc, 44Sc, and47Sc) from α-calcium or α-potassium reac-
tions, show maxima in cross sections for energies greater than
10 MeV [20]. Classical medical cyclotrons do not reach these
energies and only specific cyclotrons such as ARRONAX [21]
can produce these radioisotopes. Laser-accelerated proton
beams may produce energetic α particles through momentum
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FIG. 1. Scheme of the experimental setup used to study the laser-driven proton-boron interaction at the high-energy and high-intensity
LFEX laser. Protons are accelerated at the rear side of a thin plastic target and irradiate a boron-nitride or a boron target. α-particle emission is
measured with a Thomson parabola placed in the forward direction and CR-39 films placed at 21◦ and 138◦ with respect to the laser direction.
A time-of-flight detector for neutron measurements was set at 125◦.

transfer from kinetic energy of protons. In this work, we
test numerically and experimentally the possibility to produce
high-energy α-particle beams at the front and also at the rear
side of the boron target, in a pitcher-catcher scheme. We show
that despite smaller cross sections compared to sub-MeV res-
onances, higher proton energies open new reaction channels
and allow an additional energy transfer to α particles.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

The experiment was carried out at the Institute of Laser
Engineering at Osaka University, Japan using the short-pulse,
high-intensity, high-energy PW class laser LFEX [22]. During
the campaign, laser energies varied between 1.2 and 1.4 kJ, in
2.7 ± 0.45 ps at the fundamental wavelength (λ = 1.05 μm).
The focal spot size on target was ∼50 μm, full width at half
maximum, corresponding to a laser intensity of (2–3) × 1019

W/cm2. The laser illuminated a (1 mm × 1 mm) × 25 μm
plastic target at normal incidence, in order to generate a
high-energy proton beam through the process of target nor-
mal sheath acceleration [23]. The proton beam irradiated a
(5 mm × 5 mm) × 2 mm pure boron target or (5 mm ×
5 mm) × 0.2 mm nitride-boron targets placed at a distance
of 800 μm (pitcher-catcher scheme) and produced α particles
through nuclear reactions as shown in Fig. 1. Different diag-
nostics were present for characterization of the primary proton
source and secondary α-particle stream at different angles,
along with neutron production estimation.

A. Thomson parabola

A Thomson parabola (TP) was set behind the boron target,
along the laser axis (0◦) at a distance of 127 cm. The Thom-
son parabola is based on the deflection of ions in magnetic
and electric fields. Ions are collimated by a 300-μm pinhole
entrance, deflected according to their charge-to-mass ratio and
their energies and were recorded on a Fujifilm BAS-TR imag-
ing plate [24,25]. The whole geometry of the spectrometer
was simulated numerically and calibrated, thus allowing one
to characterize all ion spectra produced during the experimen-
tal campaign. Figure 2 presents particle tracks for the three
main shots: plastic target alone, plastic target plus 200-μm
nitride-boron target, and plastic plus 2-mm pure boron target.
On all images, proton tracks were clearly visible and up to
30 MeV protons were observed to come out of the plastic tar-
get. After crossing the boron target, their energy and number
decreased; however, 15–20 MeV protons were recorded even
after the 2-mm-thick catcher. In the shot without a secondary
boron target, carbon ions, C5+ and C6+, were observed with
maximum energies up to 70 MeV. No α particles were de-
tected on imaging plates whatever the boron target thickness.
This means that α-particle tracks are below the detection
threshold. In Figs. 2(b) and 2(c), behind the tracks, a TP
mechanical structure is visible by drop shadow showing the
noise limit. For the 2-mm boron target, the proton track is
barely visible, just above the threshold, likely indicating that
α particles were not detectable.
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FIG. 2. Raw images obtained with Thomson parabola after 25-
μm C-H target (a), 25-μm C-H and 200-μm N-B targets (b), and
25-μm C-H and 2-mm B targets (c). Proton spectra inferred from
raw images (d).

B. CR-39 films

CR-39 films were set at 21◦ and 138◦ with respect to the
laser direction and at 35.9 and 48.3 cm, respectively, from
the target. Calibration of CR-39 was made at INFN [26] in
Catania using a 241Am thin source emitting α particles at
5.486 MeV (85.2%) and 5.443 MeV (12.8%) [7]. By intro-
ducing appropriate filters in front of the source, the energy of
particles was degraded to 2.6 MeV. In the experiment, CR-39
films were partially covered by 10- and 30-μm Al layers to
enhance the detected energy range up to 10 MeV (Fig. 3) and
allow building the α-particle spectrum by energy ranges as
shown in Fig. 4. Table I summarizes α-particle measurements
for different CR-39 film positions. For all targets, either from
the front side or the rear side, a large number of energetic
α particles has been detected. Above 108 α/sr escaped from
the front side (138◦). From the rear side (21◦), almost the
same number of particles escaped after a 200-μm target while
the number is reduced by more than ten times after a 2-mm
boron target. The CR-39 films covered by 10 μm of Al filter

FIG. 3. Calibration curves that correlate the energy of the α

particles before entering the Al filter (initial energy) with respect to
the formatted area of the depicted tracks after 0.5, 1, 1.5, and 2 h of
etching.

(5–7 MeV range) set at 138◦ for the N-B shot and at 21◦ for
the boron shot were unusable due to a technical issue which
occurred during the installation process.

C. Neutron time-of-flight detector

Neutron spectroscopy was performed using a single chan-
nel neutron time-of-flight system consisting of a scintillator-
based neutron detector and a 2-GHz digitizer. The detector
was placed at a distance of 13.5 m at an angle of 125◦ relative
to the laser propagation axis. Typical spectra are presented
in Fig. 5. Total neutron yields were between 2 and 7 × 1010

neutrons in 4π per shot. The presence of a secondary boron
target did not significantly change either neutron yield or
spectrum shape and maximum. This means the number of
fusion neutrons produced in the boron target was negligible in
comparison to the neutrons produced in reactions induced by
protons and gammas emitted from the plastic target with the
target chamber such as 56Fe(γ ,n) or 56Fe(p,n). It also implies
that neutrons can hardly be used as a diagnostic of the p-B
fusion process in this experiment.

TABLE I. α-particle counts/sr on CR-39.

CR position 138◦/48.3 cm

Energy range 5.0–7.0 MeV 8.1–9.9 MeV
B 2 mm 1.3 × 108 ± 4.5% 4.44 × 107 ± 50.0%
NB 0.2 mm 2.4 × 109 ± 18.0%

CR position 21◦/35.9 cm

Energy range 5.0–7.0 MeV 8.1–9.9 MeV
B 2 mm 1.6 × 106 ± 40.8%
NB 0.2 mm 7.2 × 108 ± 5.3% 4.59 × 107 ± 16.7%
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FIG. 4. (a) Microscopic image of α-particle tracks after 0.5 h of
etching. (b) Area distribution of the analyzed tracks; only the ones
that are inside the vertical lines are within the calibration curves.
(c) Energy distribution of the α particles; the total number of particles
per steradian that correspond to the calibration range is 5.2 × 109 α

particles/sr.

III. MODELING AND NUMERICAL TOOLS

In order to simulate experimental results, a chain of numer-
ical tools based on the particle-in-cell (PIC) code SMILEI [27]
and the Monte Carlo (MC) code FLUKA [28] has been used.
The first one allowed one to describe laser-plastic interaction
and ion production at the rear side of the plastic pitcher. Then
the proton characteristics defined in the phase space, giving
position, energy, and direction of each particle, were used to
initialize the MC code. The latter computes proton transport,
energy losses, nuclear reactions, and secondary sources trans-
port in a cold material of the secondary boron or nitride-boron
catcher. This approach is appropriate for our experiment. The
laser does not irradiate the boron target directly and the target
remains cold.

FIG. 5. Neutron spectra measured from plastic target alone
(a) and plastic and 2-mm NB target (b).

A. PIC simulations

In PIC simulations, the LFEX laser parameters measured in
the campaign were used: 1 μm wavelength, a temporal Gaus-
sian shape of 1.44 ps duration at full width at half maximum
(FWHM), and a focal spot on a target of 60 μm at FWHM.
Laser energy is 1.4 kJ, yielding a laser intensity of 4.6 × 1019

W/cm2. The domain of simulation containing a 25-μm plastic
target is discretized in a 150 × 180 μm2 grid with a constant
mesh size of 25 × 25 nm2. Each cell with matter contains 50
particles. The ion density is fixed at 100nc. Two-dimensional
(2D) simulations last 8 ps and require 15 h using 9600 cores
at the TGCC SKL computer center [29]. In the experiment,
due to amplified spontaneous emission induced in the laser
system, a preplasma in front of the target was present at
the time of the main laser pulse interaction. This preplasma
may modify the laser target interaction and consequently the
spectrum of the protons escaping from the target rear side.
Preplasmas with exponential density profiles with scale length
varying from 2 to 20 μm were tested and a characteristic
length of 7.5 μm provided a result in close agreement with the
experiment. Figure 6(a) presents the comparison between the
experimental spectrum measured by the Thomson parabola
and the computed spectrum. Shapes, maximum energy, and
proton number are in fair agreement. Simulation results may
be used to access nonmeasured data. Indeed, the spectrum has
been obtained along the laser axis and no information on an-
gular distribution was accessible experimentally. Figure 6(b)
shows the angular spectrum extracted from the simulation. It
presents a maximum between ±20◦, which is typical for pro-
tons escaping from thin solid targets [30]. For the simulation
of the second target with the MC code, the phase space of
protons impacting on the boron target was built by combining
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FIG. 6. Experimental (blue), computed (green), and reduced en-
ergy (red) proton spectra (a) and computed angular distribution in
polar coordinates (b).

the measured energy spectrum with the computed angular
distribution.

B. Monte Carlo simulations

1. Proton energies and α-particle sources

The FLUKA code (version 2020.0.4) accurately models the
interaction and transport of ions, electrons, photons, and neu-
trons from energies related to the physics of particles down
to a few keV. FLUKA is continuously being benchmarked with
models and experimental data concerning nuclear cross sec-
tions, including the proton-boron fusion reactions [31,32]. For
low-energy protons, the most probable channel for α-particle
production is a sequential decay via 8Be in its fundamental or
excited state:

p + 11B → α0 + 8Be → α0 + α01 + α02 + 8.59 MeV, (1)

p + 11B → α1 +8Be∗ → α1 + α11 + α12 + 5.65 MeV. (2)

The probability of the latter reaction is ten times more prob-
able and presents resonances at low energies, the main one
at 675 keV (Ref. [33]). For higher proton energies the cross
section slowly decreases but remains high enough to be a
source of a large number of α particles. In addition, for higher
energies, additional reactions become more probable and may
be sources of α particles. All fusion reactions initiated in
the FLUKA computations by the proton spectrum shown in
Fig. 6(a) are listed in the Appendix. In the experiment, the
pure boron target is composed of 11B at 80% and 10B at
20%. Some of the numerous p-10B reactions are sources of α

particles (see Appendix). Likewise, proton-nitrogen interac-
tion also produces α particles, although in a smaller number

and possible secondary fusion cycles, as shown in [4]. The
first preliminary run consisted in calculating the source of
α particles from each component of a nitride-boron target
composed by 14N (50%)/11B (40%)/10B (10%). From FLUKA

computation, each component is a source of α particles and
even if boron is the main source (78.1% from 11B and 12.8%
from 10B), the number of α particles produced in nitrogen
reactions is not negligible (about 9% of the total). The number
of produced neutrons and photons is significant, and even
though proton-boron reaction is considered aneutronic, the
relative neutron yield is 7.4% with respect to the number of
α particles.

2. Effects of a reduced energy proton spectrum

Previous studies [2,4–6,19] reported on the observation of
α particles emitted from the front side, directly irradiated by
the laser or by the proton beam. In the context of fusion
for energy, these studies aimed at obtaining a high fusion
reaction yield and not necessarily high α-particle energies.
Due to the presence of resonances at sub-MeV energies in the
proton-boron cross section, high-energy proton fluxes were
not mandatory, and even counterproductive since the cross
section decreases at higher proton energies. Thereby, at mod-
est laser intensity (∼1016 W/cm2) Giuffrida et al. [6] observed
about 1011 α particles by directly illuminating a boron target.
Closer to our experimental setup, Baccou and co-workers [4]
used the pitcher-catcher scheme to induce the p-B reactions
in a secondary target. The proton spectra measured in their
experiment had maximum energies between 3.5 and 6.5 MeV;
much smaller than in our experiment. The goal of the present
study, is to produce at the rear side of the boron target,
an α-particle beam by transferring proton kinetic energy to
create an energetic and bright secondary source. Thus one
has to verify that using high-energy protons required to get
energetic α particles, their amount is not strongly reduced. A
comparison, under the same conditions, with a reduced energy
proton spectrum allows one to address this issue. The reduced
spectrum, shown in Fig. 6, with a maximum of 10 MeV, has
been injected into the 200-μm N-B target. In this case, the
contribution in α-particles production of boron and specifi-
cally of 11B is more important: 91.4% from 11B, 6.2% from
10B, and 2.2% from 14N. Neutrons have a relative yield of only
2.3% with respect to the α-particles number. These variations
come from different effects. High proton energies increase the
number of possible nuclear reactions or increase their proba-
bility. In particular, the reaction p + 10B → α + 7Be presents
a maximum of hundreds of millibarns for proton energies
between 5 and 12 MeV and the reaction p + 14N → α + 11C
for energies between 5 and 30 MeV. For the same reasons,
neutron yields for lower energies are much smaller due to
energy thresholds in cross sections.

The total number of α particles produced in the target is
smaller with the reduced energy proton spectrum. This result
looks counterintuitive because the p-11B cross section presents
a maximum at 675 keV. However, sub-MeV protons have a
very small probability to interact, due to their very short range
in the boron target (around 7 μm at 675 keV). In addition,
the main resonance at 675 keV is relatively narrow and pro-
tons have this energy only for an infinitesimal path length.
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FIG. 7. Number of α particles as a function of the target depth
produced with the experimental (blue) and reduced energy (red)
proton spectra.

Higher-energy protons penetrate more deeply and even if the
cross section is smaller, they integrate the interaction proba-
bility over a longer range and some of them finally also go
through the sub-MeV resonance. Figure 7 shows where α

particles are produced inside the 200-μm N-B target for both
proton spectra. Due to the proton mean free path, the number
of α particles strongly decreases versus depth target for the
reduced energy spectrum. With the experimental spectrum,
the whole target thickness is a source of α particles. Thus,
despite the presence of resonances at low energies, higher-
energy protons produce a large amount of α particles and in
addition allow kinetic energy transfer.

3. Kinetic energy transfer from protons to α particles

The number of escaping α particles from both sides of the
boron target is an important criteria if one aims at generat-
ing a brilliant α-particle source. Figure 8 presents spectra of
α particles exiting from the rear and the front sides of the
N-B target. Two times less α particles can escape from the

FIG. 8. α-particle spectra escaping from the front (a) and the rear
(b) sides. In red induced by low-energy and blue by high-energy
spectra.

front side when the reduced energy spectrum is injected. This
ratio goes down to 50 times, at the rear side. Another impor-
tant point concerns the energies of α particles. Thanks to a
large kinetic energy transfer between protons and α particles,
the maximum energy reaches 29 MeV at the rear side and
about 18 MeV at the front one. Using the reduced spectrum,
they only reach 13 and 10 MeV at the rear and front sides,
respectively.

The energy transfer can be estimated beforehand from en-
ergy and momentum conservation equations. By combining
them, one obtains an equation for kinetic energy of primary α

particle in the nuclear reactions (1) and (2):

(mBe + mα )Eα − 2
√

mpmαEpEαcos(θ )

+ (mpmBe)Ep + mBe(E∗
Be − Q) = 0, (3)

where mx and Ex are the mass and the kinetic energy of
the particle x, Q the energy released in the reaction, E∗

Be the
excitation energy of Be, and θ the α-particle emission angle
relative to the proton direction. Considering the most prob-
able channel of proton-boron reaction, via the excited state
of Be (Q = 5.65 MeV), one obtains in the forward direction
(θ = 0) a maximum α-particle energy of ∼32 MeV with our
experimental proton spectrum and ∼14 MeV with the reduced
spectrum. In the backward direction (θ = π ), calculated α-
particle energies are ∼16 MeV and ∼7.5 MeV, respectively.
These values are in agreement with MC results and show a
significant dependence of α-particle energy with the proton
energy. The range of α particles inside the catcher target
strongly depends on their energies. We notice, for instance,
that a 5-MeV α particle can only cross 20 μm of boron target,
whereas a 20-MeV one can cross 180 μm.

The kinetic energy transfer also affects the α-particle distri-
bution. The reactions via the 8Be states produce well-defined
energies for primary α particles, and their peak shapes reflect
the total widths of these states. Typical spectra have been
measured and are presented, for instance, in Ref. [34]. The
8Be breakout into two secondary α particles leads to a con-
tinuous energy distribution. Energies of α0 and α1 depend on
the released nuclear reaction energy and on incident proton
energy. A monokinetic energy proton beam like those pro-
duced by a cyclotron, leads to a structured spectrum, but in our
case laser-driven protons present an exponential energy shape
which smooths structures in a continuous energy spectrum.

4. Proton spectra computations

Experimental shot-to-shot fluctuations in laser parameters
(energy and pulse duration) may affect the proton spectrum
produced in the plastic target. Consequently, the spectrum
of protons impacting the boron target, may vary from one
shot to another. As mentioned above, the protons escaping
from the boron targets have been measured along the laser
axis with the TP. A good agreement between simulation and
experimental results would give confidence in the injected
proton spectrum at least for intermediate and high energies.
Figure 9 shows proton spectra after crossing the 200-μm N-B
target and the 2-mm pure boron target, computed with the
FLUKA code. The injected spectrum is in /(MeV sr) and is
normalized to one incident particle. A comparison with the
measured proton spectrum shown in Fig. 2 indicates a similar
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FIG. 9. Injected spectrum (solid) and computed ones after cross-
ing the 200-μm N-B target (dashed) and 2-mm boron target
(dotted-dashed).

trend but the cutoff energy is not in agreement. After crossing
a 200-μm target in the simulation, the spectrum is mainly
changed at low energy, while at high energies it is almost not
modified. This means that in order to reproduce the exper-
imental spectrum, for this target thickness, the spectrum of
injected protons should have a cutoff energy close to 20 MeV.
Noting that the stopping length of a 5-MeV proton is 180 μm,
only energies above this value can be validated. Figure 10
presents the incident proton spectra, which allowed producing
the best agreement with experimental spectra measured after
200-μm and 2-mm targets. For the 200-μm target, 18% of
incident protons can cross and escape from the rear side. In the
experiment, 2.6 × 1013/sr protons have been measured after
the target corresponding therefore to 1.4 × 1014/sr injected
protons. For the 2-mm boron target, an initial spectrum having
a cutoff energy of 26 MeV gives a fairly good agreement.
After crossing target, only 0.2% of protons can escape. By
contrast to the 200-μm catcher target, a small change in the

FIG. 10. Injected proton spectrum (solid) and escaped proton
spectrum (dashed) for the 200-μm N-B target (a) and the 2-mm
boron target (b).

incident cutoff energy can drastically modify the spectrum
of protons after the 2-mm catcher target. In the experiment,
3 × 1010/sr protons have been measured, corresponding to
1.5 × 1013/sr incident protons. The adjustment of the inci-
dent proton spectrum for reproducing the experimental data
implies a variation of the cutoff energy between 21 and 33
MeV and proton number by an order of magnitude from
1.5 × 1013/sr to 1.4 × 1014/sr. It is important to underline
that only a part of the proton spectrum can be compared
to the experimental one, especially for the thick target. It is
then possible that the total proton number is modified in this
low-energy range. Another important point concerns the track
induced by protons after crossing a 2-mm boron target. As
shown in Fig. 2, the signal is just above the detection threshold
and hardly visible. Consequently, any particles reaching the
TP with a lower flux do not produce any visible track and so
cannot be measured.

5. α-particle spectra computations

As the initial proton spectra is fixed for each target thick-
ness, nuclear reactions and α-particle production can be
computed and compared to the experimental data for each shot
separately for the target rear side. There is a larger uncertainty
for the α-particle production from the front side, because of a
low-energy portion of proton spectra that was not measured.
Figure 11 presents angular distributions and energy spectra of
α particles for both targets. Particles escaping from the rear
side are more energetic and reach 20 MeV after a 200-μm
target, whereas from the front side, the cutoff energy is lower;
about 12 MeV. After a 2-mm target, because protons lost a
large part of their energy into the target, the kinetic energy
transfer to α particles is smaller and the front and rear sides
present similar maximum energy. From energy and momen-
tum balance equations [Eq. (3)], maximum energies at the
front and the rear sides may be confirmed. Considering the
injected and escaped proton spectra (Fig. 10) for each target,
the energy lost crossing the target is taken into account. One
obtains for the 2-mm boron target, α-particles energies of
17 and 14 MeV at the front and the rear sides and for the
200-μm nitride-boron target, 11.5 and 18 MeV, respectively.
These values are in good agreement with the computed ones.
For the 200-μm target, for one incident proton, 7.3 × 10−6 α

particles exit the target rear side and only 2.4 × 10−7 from
the rear side of the 2-mm target, which is 30 times less. The
low-energy part of the proton spectra used in MC simulations
was not experimentally validated. A variation of the number
of protons in the energy range below 5 MeV can substantially
modify the α-particles production from the front side. With
this caveat, our simulations show that, for one incident proton,
1.1 × 10−5 α particle exit from the front side of the N-B
target and 2.6 × 10−5 from the 2-mm boron target. To go back
to particle numbers, assuming ∼1014/sr incident protons,
∼7 × 108/sr α particles exit from the 200-μm N-B target rear
side and ∼2.5 × 107/sr from the 2-mm boron target.

6. Discussion

To compare these numbers with the experiment, the same
energy range can be chosen. Table II summarizes results and
can be compared with the experimental data given in Table I.
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FIG. 11. α-particle angular distributions (left) and energy spectra (right) for the 200-μm N-B target (top) and the 2-mm B target (bottom).
Laser comes from the left side. α-particle rear side emission is in red and front side emission in blue.

For the 200 μm we predicted 1.5 × 108/sr α particles in the
5–7 MeV range and 9.5 × 107/sr in the 8–10 MeV range.
For the 2-mm target, we calculate 4.9 × 106/sr α particles in
the range 8–10 MeV. Comparing these numbers with the data
in Table I, the agreement for the observation angle of 21◦ is
rather good. Concerning the front side, for the 2-mm target,
the simulation gives in the 5–7 MeV range 3.7 × 108/sr α

particles and 3.3 × 107/sr in the 8–10 MeV range. These
numbers are in agreement with the observation for the angle of
138◦. For the 200-μm target, in the simulation, 1.5 × 108/sr α

particles have been produced from the front side in the energy
range of 5–7 MeV and 7.8 × 107/sr in the 8–10 MeV range;
a similar number was calculated for a 2-mm boron target but
it is smaller than the measured one. This difference could be
explained by an underestimation of the number of incident

TABLE II. α-particle counts/sr in simulations.

CR position Front side

Energy range 5.0–7.0 MeV 8.0–10.0 MeV
B 2 mm 3.7 × 108 3.3 × 107

NB 0.2 mm 1.5 × 108 7.8 × 106

CR position Rear side

Energy range 5.0–7.0 MeV 8.0–10.0 MeV
B 2 mm 5.4 × 106 4.9 × 106

NB 0.2 mm 1.5 × 108 9.5 × 107

protons in the low-energy part of the spectrum which was not
measured in the experiment.

Considering the relatively high proton energy, there are
many nuclear sources of α particles in our experiment and
some of them may take place in a plastic target through the
proton-carbon reactions. The CR-39 films were placed in the
forward and backward directions and measurements account
for all α-particle sources. However, in our experimental ge-
ometry based on a pitcher-catcher configuration, α particles
emitted at the rear side of the plastic target have to cross the
boron target to reach the CR-39 film set behind it, at the angle
of 21◦. Even for the thinnest boron target (200 μm), α parti-
cles need to have at least 21 MeV to cross it. For the CR-39
film set at 138◦ (front side), no obstacle can prevent α particles
produced at the front side of the plastic target to reach the CR-
39 film. The proton-carbon nuclear reaction producesthree
α particles, p+ 12C → 3α+p′ with possible transient steps
through 8Be or 9B (ground or excited states). This nuclear
reaction is endothermal like the proton-nitrogen reaction and
the energy threshold is more than 7 MeV, meaning that only
high-energy protons can trigger this reaction. As measured in
the experiment, protons escaping from the plastic target have
an energy range up to 30 MeV. So proton-nitrogen reactions
in the NB target, with Q ∼ −2.9 MeV, can be easily triggered.
The p-C reactions have to be triggered inside the plastic target
and the proton acceleration has to take place at the front
side of the target. The so-called hole boring process may
accelerate protons at the front side of the target [35]. How-
ever, in the intensity range reached at LFEX and with a solid
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FIG. 12. Reactions induced in FLUKA computation by experi-
mental proton spectrum.

target, the proton energy remains weak. The maximum proton

velocity can be estimated [35]: vp = 2c
√

me
mp

Z
A

nc
ne

a0, where a0

is the laser field amplitude and nc the critical density. In our
experimental conditions, with a solid target, the maximum
energy is of the order of a few tens of keV. However, a laser
prepulse partly ablates the plastic target front side, inducing
a density gradient. Relativistic laser self-focusing up to γ nc

and electron acceleration in such a preplasma result in a more
efficient ion acceleration to a maximum energy of 7–8 MeV.
The kinetic energy of the reaction products is on the order of
1 MeV; it is shared between the exiting proton and three α

particles. Such low-energy α particles have to exit from the
plastic target and cross the aluminum layer set in front of the
CR-39 films. To cross 10 μm of aluminum, an α particle needs
to have a minimum energy of 2.9 MeV. In these conditions, α

particles produced in the plastic target cannot contribute to the
CR-39 films at the front side or at the rear side.

IV. CONCLUSION

This work presents experimental results on α-particle pro-
duction in p-B reactions by using a proton beam accelerated
in the interaction of a high-intensity, high-energy laser with
a thin plastic target. This bright and energetic proton source
has been used to irradiate boron or nitride-boron targets of
different thicknesses. The energy distribution and absolute
number of protons and α particles has been measured in sev-
eral directions from the front and rear sides of the targets. The
observation of the α-particle emission at the target rear side
can be very important in view of the development of proton-
boron driven bright α-particle sources. Indeed, the catcher
target acts as a filter, removing ion species which are present
on the target front side. The data obtained in this experiment
have been analyzed using a sequence of numerical simulations
with PIC and MC codes. The proton energy distributions used
in MC simulations were adjusted for each shot by comparison
with the measured proton spectra before and after the catcher
target. The simulations clarify the mechanisms of α-particles
production and transport through the boron targets. α particles
of high energies observed in the experiment are produced by
energy transfer from incident protons. In contrast to other
experiments, α particles are observed from the front side and
also from the rear side, even after a 2-mm-thick boron target.
By comparing with experiments at lower proton energies and
despite the p-11B cross-section peak at low energy, still 108–
109 α particles per steradian have been detected. Due to the
fact that the cross section of competitive nuclear reactions
increases at higher energies, contributions of 10B and 14N in
α-particles production are no longer negligible. More impor-
tantly, energetic protons may produce more α particles, just
considering p-11B reaction. This reaction has high resonances
at sub-MeV energy of protons. However, sub-MeV protons
have a very small probability to interact, because they have
a short range (a few microns) in the boron target. In addition,
the main resonance at 675 keV is narrow and protons have this
energy only for an infinitesimal path length. Higher-energy
protons travel more inside the boron target, and thus interact
over a longer range. Furthermore, a part of these high-energy
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protons is finally slowed down to sub-MeV energies, thus
reaching the proton-boron fusion main resonance.

In the present experiment, carried out in the pitcher-catcher
geometry, the best results were obtained with a 200-μm boron
target, but in the future, this thickness could be better adapted
to the proton spectrum to find a trade-off between a large
number of nuclear reactions and limited energy lost by protons
crossing the target.
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APPENDIX

Nuclear reactions involved in FLUKA computations depend
on initial proton energies. The proton spectrum presented in
Fig. 6(a) induces the reactions shown in Fig. 12.
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