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Boron-Proton Nuclear-Fusion Enhancement Induced in Boron-Doped
Silicon Targets by Low-Contrast Pulsed Laser
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We show that a spatially well-defined layer of boron dopants in a hydrogen-enriched silicon target allows
the production of a high yield of alpha particles of around 10° per steradian using a nanosecond, low-contrast
laser pulse with a nominal intensity of approximately 3 x 10'® W cm=2. This result can be ascribed to the
nature of the long laser-pulse interaction with the target and with the expanding plasma, as well as to the
optimal target geometry and composition. The possibility of an impact on future applications such as nuclear
fusion without production of neutron-induced radioactivity and compact ion accelerators is anticipated.
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I. INTRODUCTION

The ""B(p, @)2a nuclear-fusion reaction was first stud-
ied in the 1930s by Oliphant and Rutherford [1]. Interest
from the scientific community in this reaction is now
increasing due to the possibility of producing energetic
alpha particles without neutron generation, which may
allow the building of an “ultraclean” nuclear-fusion reactor
[2-4]. The first experimental demonstration of a laser-
driven ''"B(p,a)2a reaction was performed using the
interaction of a high-intensity (around 2 x 10'® Wcm=2)
picosecond laser pulse with a boron-enriched polymeric
target. This experiment gave an alpha-particle yield per
pulse of around 10° per steradian [5]. Recently, a much
higher particle yield (around 107 per steradian) has been
reported by using a more sophisticated experimental setup
and similar laser intensity [6].

Our experiment aims to produce a high yield of alpha
particles by triggering the proton (p)-boron (!'B) nuclear
reaction:

"B+ p — 3a+8.7 MeV. (1)
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It is well known both from theoretical calculations and
experimental measurements (performed with standard
accelerators) that the reaction has a main channel with a
maximum cross section for protons with energies of
600-700 keV [7-9]. Typically, this channel generates alpha
particles with an energy distribution ranging from 2.5 to
5.5 MeV and a maximum at around 4.3 MeV (a;).
A secondary channel generating alpha particles in the
energy range 6—10 MeV can also be present (a,) [5,10,11].

II. METHODS

The experiment is performed at the Prague Asterix Laser
System (PALS) facility in Prague [12], where a kJ-class
(around 500 J in our experiment), subnanosecond (0.3-ns
full width at half maximum, FWHM), linearly polarized
laser is used to irradiate massive silicon targets. The laser
pulse is focused in an 80-um focal spot by an f/2 spherical
lens to reach a nominal intensity of 3 x 10'® W cm™ on the
target surface in vacuum conditions of 10°~10~> mbar. The
incidence angle between the laser-beam axis and the target
normal is 30°. The nominal laser intensity is low compared
with the high intensities achievable with picosecond and
femtosecond laser systems. Nevertheless, recent experi-
ments on laser-driven ion beams performed at PALS have
shown maximum proton energies of a few MeV [13] which
are typical for laser intensities of 5 x 10'3-10'" W cm™2
when shorter pulses are used [14].

Most of these targets were previously enriched with
hydrogen and boron atoms through thermal annealing and
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50-keV ion-implantation doping processes performed at the
Microtechnologies Laboratory (MTLab) at Fondazione
Bruno Kessler in Trento [15,16]. Thus, well-known
chemical-physical processes used in microelectronics help
us to develop the idea of using boron-hydrogen-silicon targets
for triggering a specific fusion reaction by precisely control-
ling the concentration and implantation or diffusion depth of
the doping element. Here, we report mainly the results
obtained by laser irradiation of massive silicon samples
(0.5 mm thick) that are implanted with boron atoms
(amu = 11) located at a depth of 190 nm and having a
concentration of about 10?2 cm™. (The boron layer is
approximately 100 nm thick.) The concentration of hydrogen
in the samples is increased through a thermal process
where hydrogen atoms diffusing into the silicon matrix
can link to it by forming Si-H bonds, which neutralize
the silicon dangling bonds [17-20], thus reaching a concen-
tration higher than 10?° cm™3. Silicon samples where boron
atoms are homogenously diffused into the substrate via the
thermal annealing process (1 h at 1000 °C) are also fabricated
and irradiated. In the latter case, the B atoms are distributed in
amuch thicker layer, starting from the sample surface up to a
certain depth (>10 um), resulting in lower local boron
concentration (approximately 10?° cm™3). These targets
are irradiated in a series of measurements at the beginning
of the experiment to be later compared with the results
obtained with the implanted samples. Furthermore, silicon
“pure” samples (not artificially hydrogenated and without
boron doping) are also irradiated for comparison.

Ton analyzers, such as a Thomson-parabola (TP) spec-
trometer, time-of-flight (TOF) silicon-carbide (SiC)
detectors [21-23], and solid-state nuclear-track detectors
of PM-355 type [24,25], are used to detect and identify the
produced proton and alpha-particle beams and measure
their energy distribution in various directions with respect
to the target normal. A detailed description of the exper-
imental setup is sketched in Fig. 1(a).

The ns-long laser-pulse temporal shape is reported in
Fig. 1(b). Although approximately 500 J are contained in
the main pulse (0.3 ns at FWHM), the residual laser energy
(about 100 J) is stored in the nanosecond pedestal. (Around
50 J of the pulse energy comes before the maximum-
intensity peak is reached.) Figure 1(b) shows the presence
of three intensity regions: O-I represents the low-intensity
(3 x 10" Wem™2) laser precursor, I-II is the high-
intensity (10" W cm™2) prepulse, and II-I1I is the high-
intensity (nominally 3 x 10'® W ¢cm~2) main pulse.

A series of hydrodynamic simulations is performed by
using a 2D Prague Arbitrary Lagrangian-Eulerian (PALE)
code [26]. This code employs the compatible staggered
Lagrangian numerical scheme [27] and a rezoning or
remapping mechanism improving the robustness of the
simulations. Thermal conductivity is treated by a mimetic
method with the standard Spitzer-Harm heat-conductivity
coefficient and heat-flux limiter. Ray tracing is used for
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FIG. 1. (a) Experimental setup. 7 is the target, p is the proton

beam, « is the alpha-particle beam, PM-355 is the nuclear-track
detector, TP is the Thomson-parabola spectrometer, MCP is the
microchannel plate, and SiC is the silicon-carbide detector. The
angles are measured with respect to the target normal. (b) Laser
intensity (/; ) against time (z; ) in arbitrary units. The laser-energy
content in different time windows is reported in the legend.

laser-absorption modeling. The simulations shown in this
paper are performed in the Lagrangian regime; thus, the
layers of the targets remain separated throughout the whole
simulation. The initial computational mesh is adjusted to
the layered targets using a finer mesh resolution at the target
surface. The simulations are stopped after 1.85 ns [see
Fig. 1(b) as a reference]. The simulations are performed by
considering different target geometries: (a) a B-implanted
layer in a Si substrate with the above-described character-
istics, (b) a B-diffused layer in a Si substrate with the
above-described characteristics, and (c) a B layer deposited
on a Si-substrate surface with the same atomic concen-
tration as in (a). The comparison of the hydrodynamic
simulations corresponding to these three different geom-
etries is shown in Fig. 2, where z is the plasma-expansion
longitudinal direction (parallel to the target normal) and r is
the plasma-expansion transverse direction (parallel to the
target surface). The simulations take into account the time
evolution of the laser pulse in the range 1-1.85 ns. It is
clearly shown that after 1.85 ns, the B plasma is better
confined (200 yum from the target surface) and has a
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FIG. 2. 2D PALE hydrodynamic simulations of the boron-
plasma expansion after the action of the laser pulse (in the range
1-1.85 ns) for (a) the B layer implanted in the SiH substrate,
(b) the B layer deposited on the SiH substrate, and (c) the B layer
diffused in the SiH substrate. The gradient scale on the right-hand
side shows the B-plasma density.

higher density (approximately 10'® cm™) in (a) than in (b)
and (c). Thus, in (a), the accelerated protons can sub-
sequently interact with higher-density plasma and have a
higher probability to induce nuclear reactions than
in (b) and (c).

III. EXPERIMENTAL RESULTS

To give clear-cut evidence of alpha-particle generation,
the PM-355 nuclear-track detectors [previously calibrated
by using monoenergetic ions provided by a standard
accelerator, as shown in Fig. 3(e)] are placed at a distance
of about 50 cm from the target surface and at different angles
(from 0° to 50° with respect to the target normal) and
covered by aluminum foils of different thicknesses
(6-30 um) to filter low-energy plasma ions out and to
avoid overlapping among neighboring ion tracks.
Figure 3(a) shows a typical PM-355 snapshot where craters
induced by alpha particles (large dark craters) and by
protons (small light craters) passing through the Al foil
of 15 um in thickness are clearly distinguished when boron-
implanted hydrogenated silicon (Si-H-B) samples are irra-
diated. The corresponding track-diameter distribution is
shown in Fig. 3(b). B-diffused silicon samples (described in
Sec. II) are irradiated; nevertheless, a much lower flux of
alpha particles is measured (1 x 10* cm~2 in comparison to
3 x 10° cm~? obtained with the B-implanted samples), in
agreement with qualitative expectations based on the
hydrodynamic simulation results (see Fig. 2). Pure silicon
samples (Si) are also irradiated for comparison, and only
proton-generated craters are distinguishable on the PM-355
detectors, as demonstrated by the typical snapshot and
corresponding track-diameter distribution shown in
Figs. 3(c) and 3(d), respectively. The -calibration of
PM-355 detectors used in our experiment is shown in
Fig. 3(e).

The method of differential energy filtering of ions, which
induces tracks in calibrated PM-355 detectors, allows us to
determine their energy distribution, reported in Fig. 4(a).
The energy of alpha particles ranges from 4 to 8§ MeV
with a maximum at around 4.5 MeV, which is in agree-
ment with the expected values from the nuclear-fusion
reaction [5—11], although a more precise estimation of the
energy distribution has been performed through TOF
measurements by the SiC detector.

The presence of B ions in the nuclear-track detectors is
excluded since Alfilters with up to 20-um thickness are used.
The energy that potential B ions would need to pass through
such filters is about 20 MeV, i.e., about 2 MeV /u, thus well
above the typical values reported in several papers (e.g.,
Ref. [28]), indicating a maximum energy of around 300 keV
with a laser irradiance of about 5 x 10'® W ym?cm™2.
Even assuming effective laser irradiance being around
10" W um? cm~2, the corresponding B-ion energy should
notexceed 1 MeV/u[28]. Moreover, if one looks carefully at
the ion TOF spectrum later described in Fig. 6 and at the TP
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PM-355 film snapshot showing craters produced by incident protons (small light craters) and alpha particles (large black

craters) for (a) the Si-H-B target and (b) the corresponding histograms of particle crater diameters. (c) The PM-355 snapshot shows
craters produced by incident protons (small light craters) for the Si target and (d) corresponding histograms of particle crater diameters.
(e) The PM-355 calibration curve for alpha particles and protons after 2-h etching time. An Al foil of 15 ym in thickness is placed in

front of the PM-355 films.

proton-energy spectrum in Fig. 7(b), it is evident that the
alpha-one and alpha-two peaks cannot be correlated to the
arrival of plasma ions. In fact, the maximum proton energy
registered by our TP spectrometer is about 1 MeV, and
typically, in a plasma expansion, other ions will acquire a
lower energy per nucleon compared to protons. Thus, the
TOF spectrum cannot show plasma ions (e.g., protons, Si
ions, Bions)reaching the detectorin a time shorter than 90 ns,
which is also evident from the TOF spectrum reported in
Fig. 6, where the peaks at 60 and 80 ns correspond to the two
channels of the fusion reaction (also confirmed by the typical
energy distribution reported in the literature [5]). Further
“spurious effects,” e.g., beam-fusion reactions induced by
plasma B ions hitting the detector surface, are also excluded
since our detectors are placed at different angles (see Fig. 1),
including large ones (e.g., 60°) with respect to the target
normal, where plasma-ion emission is very limited. In fact, it

is well known that laser-driven ion sources expand mainly
along the target normal within a cone usually not larger than
30°-40° [29].

The PM-355 detectors placed at different angles allow
determining the alpha-particle angular distribution. This
distribution shows a maximum yield of about 10° particles
per steradian, as reported in Fig. 4(b). The estimated total
number of alpha particles produced per laser pulse is about
4 x 10%. The total number of alpha particles produced is
about 2 x 10 times higher than previous results in a similar
laser-irradiation geometry reported in Ref. [5] (considering
the actual yield suggested in Ref. [30]) when using a 1.5-ps
laser system at an intensity of 2 x 10'® Wcem™2, thus
suggesting that our experimental scheme and target geom-
etry provide an extremely high-efficiency nuclear reaction.
An alpha-particle yield of about 107 per steradian has been
recently reported by Labaune et al. by using a more
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FIG. 4. (a) Alpha-particle energy distribution obtained from
PM-355 analysis using detectors with different Al filter thick-
nesses (6-20 pm) and placed at an angle of about 45° with respect
to the laser-incident direction in the same laser shot. (b) Alpha-
particle angular distribution obtained from PM-355 analysis
using detectors placed at different angles with respect to the
laser-incident direction in the same laser shot.

sophisticated experimental setup with two laser beams (ns
and ps) and two different targets [6]. Nevertheless, our
results show an increase by a factor 10? of the number of
alpha particles (around 10° per steradian in our case) by
using a longer laser pulse (ns) with a low contrast and a
maximum nominal laser intensity about 10 times lower
(3 x 10'®* W cm™2) than in Ref. [6].

IV. DISCUSSIONS

Our proposed mechanism describing a simplified picture
of the long laser-pulse interaction with the H-enriched and
B-doped silicon target (Si-H-B) is sketched in Fig. 5. Ata
time of 2 ns before the maximum intensity, the laser pulse
starts to interact with the Si-H layer causing ablation and
ionization of the target material during the O-I period
(the laser fluence is about 30 Jem™2, i.e., well above
the ablation threshold for Si [31]), thus sweeping away
the Si-H layer on the target surface. The target ablation
continues during the I-II period affecting the implanted

p+B=3a+8.7MeV
e o o

=)

N —

X XX

FIG. 5. Laser-target, laser-plasma, and proton-boron inter-
actions in the 2-ns range before the maximum laser intensity
[0-IIT in Fig. 1(b)]: ny is the solid density, O is the target surface
position, x, is the depth of the boron atoms, x; is the substrate
extension, x,, x3, and x, are the ablation depths at three given
times, and P1 and P2 are plasmas generated by the laser pulse in
the O-I and I-II regions, respectively.

boron layer, as clearly demonstrated by the hydrody-
namic simulations shown in Fig. 2. In fact, the ablation
depth numerically estimated at the end of this period
[corresponding to 1.85 ns in Fig. 1(b)] is around 10 pm;
thus, the B plasma has clearly developed [see Fig. 2(a)] and
protons are already accelerated from the Si-H inner layer.
This process might also benefit from the self-focusing
mechanism initiated by the laser beam interacting with the
plasma medium, which causes a change in the refractive
index (with the power of the laser pulse being higher
than the threshold for relativistic self-focusing [32,33]).
Thus, the effective laser intensity might be higher than the
nominal one, causing a corresponding increase in the
plasma temperature. However, the relatively high proton
energy measured in our experiment could also be the result
of an efficient acceleration process that benefits from the
long laser-pulse width (nanoseconds) [34]. In the II-III
period, the protons accelerated backward catch the B ions
and the “beam-target” nuclear reaction occurs. In fact, the B
ions can be assumed to be at rest since the proton velocity
is about 1x 10"’ m/s and the boron-plasma one is
about 2 x 10° m/s. Our theoretical model is simplified
since the involved processes are dynamic, and there is a

031030-5



A. PICCIOTTO et al.

PHYS. REV. X 4, 031030 (2014)

clear interplay between the B-plasma density (hence, the
distance of the B-ion cloud from the target surface) and the
proton-beam energy.

As previously demonstrated experimentally and con-
firmed throughout our campaign, the accelerated protons
have a wide energy distribution with a typical cutoff at
about 2 MeV [13,29]. Such a maximum proton energy is
compatible with a laser intensity of 5 x 10810 W cm™2
when using shorter laser pulses [14]. The number of
protons accelerated backward when irradiating a hydro-
genated silicon target (equivalent to the Si-H substrate in
our Si-H-B geometry) is about 10'!, as measured in our
previous work [29].

The energy distribution of protons, as well as alpha
particles, is observed far from the irradiated target by two
additional diagnostics: the silicon-carbide detector (in TOF
geometry) and the Thomson-parabola spectrometer,
as depicted in Fig. 1(a). They are both real-time devices
that allow us to obtain a preliminary response during
the experimental measurements, which has been later on
confirmed by the ex situ data measured with the PM-355
detectors. In addition, they provide a full-range energy
distribution with a much higher energy resolution than
the previous technique using PM-355 detectors, which
was nevertheless fundamental for estimating the absolute
number of produced particles.

A typical signal of the SiC detector screened from low-
energy plasma ions with an 8-ym aluminum foil is shown in
Fig. 6. Since the SiC detector is placed at an angle of 65°
with respect to the target-normal direction, the yield of
plasma ions impinging onto it is strongly reduced. Because
of the subnanosecond response and the high signal-to-noise
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FIG. 6. Ton TOF distribution for the Si-H-B target (orange

curve) with the alpha-particle signal (a; and a,) and plasma ions
measured by the SiC detector covered by a 8-um aluminum foil
and placed at 65° with respect to the target normal. The ion TOF
distribution for the Si target (blue curve) showing the presence of
only plasma ions (no fusion event has occurred) is also reported
for comparison.

ratio of the SiC detector, this TOF spectrum clearly shows
three ion peaks: the alpha particles coming from the
"B(p,a)2a reaction main channel (@;) and arriving at
about 80 ns, the alpha particles produced within the
secondary channel (@,) at about 60 ns, and the proton-
ion beam accelerated in the plasma and expanding back-
ward at about 105 ns. The alpha-particle energy distribution
can easily be retrieved from the TOF signal [35].

The a; signal shows particles with energies ranging from
3 to 8 MeV (centered at 4.6 MeV and with an approx-
imately 40% energy spread at FWHM) and the a, dis-
tribution from 7 to 11 MeV (centered at 8.9 MeV with an
approximately 25% energy spread at FWHM), in agree-
ment with experimental data in the literature [5,8]. Results
obtained with a Si target are also shown in the plot of
Fig. 6(a) for comparison. The absence of the peaks
corresponding to alpha particles from the nuclear reaction
is evident, while a low signal ascribable to plasma protons
and heavier ions (probably Si) is observed starting from
approximately 80 ns.
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FIG. 7. (a) Typical TP spectrometer snapshot showing the
presence of backward-accelerated protons and heavier plasma
ions (a). The corresponding proton-energy distribution and the
comparison with the alpha-particle one (obtained by fitting the
TOF spectrum in Fig. 6) are shown in (b).
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The TP spectrometer allows determining the energy
distribution of protons propagating backward (also detected
with PM-355 films), showing a maximum value of about
1 MeV and a relative maximum (wide plateau) between
200 and 700 keV, i.e., covering the region where the
cross section of the nuclear reaction is maximized [7].
A TP snapshot and the corresponding proton-energy dis-
tribution are shown in Figs. 7(a) and 7(b), respectively. The
other ion-energy distributions (including the alpha-particle
ones) are not estimated by the TP because of the overlapping
between neighboring parabolas (i.e., low spatial resolution).

V. CONCLUSIONS

We have experimentally demonstrated the possibility of
enhancing the ''B(p, a)2a fusion reaction induced by high-
intensity laser pulses interacting with solid targets. A fusion
rate of about 10° alpha particles per steradian per pulse was
achieved by using low-contrast, long laser pulses and
advanced targets. The high-current proton beam generated
by the long (nanosecond) laser pulse presented an optimal
energy distribution with a plateau around the maximum of
the nuclear-reaction cross section. Furthermore, the multi-
layer target geometry with a high boron concentration at a
given depth of the hydrogenated silicon sample allowed the
nuclear reaction to occur when the boron-ion density was
still very high (i.e., still close to the target surface), thus
ensuring a very high-fusion rate. The protons accelerated
from the Si-H substrate that propagate backward (against the
laser-pulse propagation) are responsible for the nuclear
reaction; in fact, they can easily catch the whole blowoff
B plasma (having a similar divergence) also expanding
backward but with lower velocity.

Various possibilities for a further enhancement of this
(or similar) aneutronic nuclear-fusion reactions can be
investigated analytically, numerically, and experimentally
through the optimization of both laser characteristics
(nanosecond pulse shape, contrast, and energy) and target
geometry (the available silicon microtechnology can offer a
wide range of configurations), which, in turn, might allow
the generation of new brilliant ultraclean radiation sources
reducing problems associated with neutron emission, e.g.,
activation, radiation damage, shielding, and other safety
issues. Such radiation sources can be attractive not only
for their potential use in the generation of fusion energy
(in this case, the proposed scheme will have to be modeled
and scaled up to conditions relevant to future experimental
investigations with large-scale laser facilities based on
inertial confinement fusion) but also for the generation
of high-directionality, high-current, quasimonoenergetic
ion beams (the measured a, average energy was about
9 MeV with a 25% energy spread) at moderate laser
intensity through very compact systems that can be alter-
native to standard accelerators.

The scientific advance of our experimental results is not
only connected to the very high alpha-particle yield but also

to the use of a moderate laser power (2 TW) and intensity
(3 x 10'® W/cm?), which enable future possibilities to use
compact laser systems (for instance, based on newly
established diode-pumped laser technology) and simple
irradiation geometries (single laser and single target). In
fact, the moderate laser power allows the use of a long laser
pulse, which does not imply special laser techniques for
compressing the pulse (e.g., chirped pulse amplification)
and, thus, a less sophisticated (and cheaper) system. In fact,
such relatively long pulses do not need to be transported in
vacuum since the laser fluence is below the threshold for
laser-induced breakdown sparks in air. Moreover, since the
laser intensity is moderate, the spot size on target can be
much higher than the diffraction limit, thus allowing us to
generate a high-yield B plasma, thanks to volumetric
effects, which, in turn, increase the number of fusion
events.

Moreover, our hydrodynamic simulations suggest that
the relevant physical mechanisms that enable the beam-
target fusion reaction occur in a temporal window preced-
ing the main peak of the laser pulse. In fact, the numerically
estimated B-plasma density value drops below 10'® cm™3
after 1.85 ns; hence, the number of alpha particles gen-
erated from the fusion reaction decreases drastically before
the main laser-peak intensity is reached on target. Thus,
in principle, only a small part of the laser energy
(approximately 50 J) is used for realizing the nuclear
reaction, which implies the future possibility to realize
this experiment using small and cost-effective laser sys-
tems. Such compact systems (tens of joules, nanosecond
class, and high repetition rate), for instance, based on newly
established diode-pumped laser technology, can allow us to
increase the efficiency of this mechanism as well as the
compactness of the whole experimental setup.
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