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Alpha particle production from novel targets via laser-driven proton-boron fusion
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Novel targets were implemented in the beam-driven (in-target) proton-boron fusion with beneficial characteris-
tics (chemical composition and density) compared to the commonly used boron nitride. A fusion-generated alpha
particle flux of up to (5 × 107 sr−1 J−1) was generated via the proton-boron fusion reactions when irradiating the
targets with a moderate laser system (10 J, 800 fs, 1019 W cm−2). Normalized by laser energy, the alpha particle
flux generated in this experiment is comparable with the highest alpha particle yields reported in the literature.
We present experimental results with supporting simulations and calculations of the expected alpha particle yield.
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I. INTRODUCTION

Over the past two decades, there has been a growing
interest [1–4] on the proton-boron11 p 11B fusion reaction
(p + 11B → 3 · α + 8.7 MeV) [5]. The p 11B fusion reaction
is aneutronic [5] and coupled with the abundant availability
of 11B fuel, representing 80% of naturally occurring boron
[6] makes the reaction a popular and possible alternative to
deuterium-tritium fusion for energy generation. Beyond en-
ergy production, p 11B fusion could be used as a secondary
source of energetic alpha particles [7], offering promising
medical applications such as the production of radioisotopes
for use in medical imaging [8] or to enhance the effectiveness
of proton therapy [9,10].

The p 11B fusion reaction cross section has two peaks
at 150 keV and 612 keV in the center-of-mass frame,
corresponding to a cross section of 0.1 b and 1.4 b, re-
spectively [11–13]. Using high-intensity lasers (Iλ2

µm >

1018 W cm−2 µm2 where I is laser intensity and λµm is the
laser wavelength in µm) it is possible to accelerate pro-
tons and heavier ions via target-normal sheath acceleration
(TNSA) [14] or hole-boring radiation-pressure acceleration
(HB-RPA) [15,16] to the several MeV energies, which are
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sufficient to drive p 11B fusion reactions efficiently. It has
also been demonstrated experimentally that it is possible to
initiate p 11B fusion reactions driven by protons in the 100s of
keV range, even while using relatively modest laser intensities
(≈1016 W cm−2) [17,18].

Two target geometries are regularly used in laser-driven
p 11B experiments: (1) pitcher-catcher, where one target sup-
plies the energetic fuel ion beam, which irradiates a secondary
catcher target generating the alpha particles [7,19,20], (2) in-
target, where a target rich in both hydrogen and boron-11 is
directly irradiated by the laser [17,18,21–24]. Natural boron
or boron-nitride (BN) targets have been frequently used in
the in-target configuration [17,21,24]. However, the hydrogen
content here is estimated to be only a few % and is present ow-
ing to contamination during manufacturing and hydrocarbon
surface contamination [17,25].

This study explores the effectiveness of new targets for
alpha particle generation through p 11B fusion. All targets
have the advantage of a significantly higher hydrogen content
compared to B and BN targets used in previous experi-
ments. Three types of target compositions were examined:
low-density (≈100 mg cm−3) hydrocarbon layers on a thick
BN target, low-density (≈100 mg cm−3) boron and hydrocar-
bon foams, and solid-density (0.9 g cm−3) ammonia-borane
(NH3BH3). Using these novel targets and a 10 TW laser sys-
tem, it was possible to generate over 5 × 108 α/sr, i.e., 5 ×
107 α/J/sr, which is comparable with the highest yields per
joule currently reported [17,24]. Radiative-hydrodynamic and
particle-in-cell (PIC) simulations were performed to model
the laser-plasma interaction and asses the acceleration of
the fuel ions (hydrogen and boron) for the different target
configurations.
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TABLE I. Summary of targets investigated during the experimental campaign.

Deposition Thickness (µm) ρ (mg cm−3) Substrate Thickness (mm) ρ (g cm−3)

BN 1.5 2.1
NH3BH3 3.0 0.9

B + CH2 Foam 60 80 (C3H6)n 1.0 1.0
CH2 Foam 20 120 BN 1.5 2.1
ppC:H NPs 10–25 130–170 BN 1.5 2.1

II. EXPERIMENTAL SETUP

A. Laser System

The experimental campaign was performed at the Centre
for Light-Matter Interactions at Queen’s University Belfast
using the 10 TW TARANIS laser system [26]. The TARA-
NIS laser, of wavelength 1053 nm, delivered between 8–10 J
on target, in 800 fs. Using an f /3 parabola, the beam was
focused to a focal spot with a full-width-half-maximum
(FWHM) of 5.1 µm corresponding to an average intensity of
2 × 1019 W cm−2 across the FWHM. The 1.5 ns pedestal has
a contrast ratio of 5 × 10−7. The p-polarized laser, incident
at 20◦ to target-normal, directly irradiated the surface of var-
ious targets containing both boron and hydrogen (in-target
scheme). It has previously been demonstrated using the same
laser system that it is possible to accelerate protons with
energies up to 3 MeV from the front surface into target bulk
and drive p 11B fusion reactions [27].

B. Targetry

This experimental campaign investigated the suitability of
several novel targets, detailed in Table I, for use in in-target
proton boron fusion experiments. A diagram of the laser
and target configuration is provided in Fig. 1. During the
campaign, we investigated three different target composition
categories.

As discussed, the hydrogen content within the BN target
is very low (a few %), and any significant laser prepulse will
quickly ablate the few nanometers of water and hydrocarbon
surface contaminants [25] before the arrival of the main pulse.
Therefore, it is expected that the p 11B fusion yield would be
enhanced by increasing the hydrogen content of the target.
Motivated by the work presented in [27], in which plasma
polymers in the form of thin films were deposited on a BN
substrate to increase the hydrogen density at the surface of
the target, in this campaign, low-density (≈10% solid-density)
plasma polymerized hydrocarbon nanoparticles (ppC:H NPs)
and polyethylene foams were deposited on a BN substrate.
In this scheme, the low-density hydrocarbon deposition is
designed to act as a hydrogen “reservoir”, ensuring that a suf-
ficient number of protons can be accelerated into the BN target
containing a high density (5 × 1022 cm−3) of boron ions. The
deposits of ppC:H NPs were prepared by plasma polymeriza-
tion of hexane using a gas aggregation cluster source (GAS)
similar to the procedure described in [28,29]. Two depositions
with different densities and thicknesses (10 µm thick with a
density of 170 mg cm−3 and 25 µm thick with a density of
130 mg cm−3) were produced. The ppC:H NPs mean and stan-
dard deviation of the nanoparticle diameters were 550(40) nm

and 64(8) nm, respectively. A set of targets was produced
via femtosecond pulsed laser deposition (fs-PLD) to obtain
a 20 µm-thick, 120 mg cm−3 polyethylene foam deposition on
top of a BN target. The nanostructure of polyethylene foam is
composed of 100–500 nm diameter nanoparticles.

The second target used was 3-mm-thick, solid-density
(0.9 g cm−3) ammonia-borane (NH3BH3) disks. The produc-
tion process and detailed target characterization is available in
[30]. While maintaining a similar boron ion density as BN,
there is, in this case, a high density of hydrogen throughout
the bulk target. This is advantageous not only for facilitating
a substantial flux of protons to be accelerated from the target
surface into the target bulk but also because the high hydrogen
density throughout the bulk (NH3BH3) target could be benefi-
cial under conditions where the production of a supra-thermal
proton population via elastic scattering from fusion-generated
alpha particles could significantly contribute to further alpha
particle production [31,32].

D
ep

o
si

ti
o
n

S
u
b
st

ra
te

Front

SurfaceTARANIS Laser
- 8-10 J

- 800 fs

-1053 nm

- ns contrast 5x10-7

Rear

Surface

CR39 (80°)

CR39 (45°)

CR39 (-44°)TOF (5°, 60 cm)

TPS (-60°, 15.5 cm)

Target

FIG. 1. Schematic of the TARANIS target chamber. Colombia
Resin No. 39 (CR39) detectors are placed at three positions observ-
ing the front surface of the target. The time-of-flight (TOF) diamond
detector is placed at 5◦ to target-normal at a distance of 60 cm and a
Thomson parabola spectrometer (TPS) was placed at 60◦ to target-
normal at a distance of 15.5 cm. The inset image shows a schematic
of the targets. The characteristics of the targets are described in
Table I.
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TABLE II. Summary of aluminium (Al) filters used on CR39
and associated cut-off energies of alpha particles and boron ions
calculated using SRIM [37].

Al α-particle Boron-11
thickness [µm] cutoff [MeV] cutoff [MeV]

6.5 2.0 6.2
10 2.8 9.6
14 3.7 13.2

The final target category is a low-density (80 mg cm−3)
boron and polyethylene foam layer deposited on a solid
polypropylene substrate. Such low-density foam targets have
been shown to improve the absorption of laser energy by
the target [33]. A benefit of the “pure” boron foams is the
absence of a significant density of other ions (i.e., nitrogen
in BN and (NH3BH3) targets), which do not contribute to
the fusion yield. The boron foams are produced via fs-PLD,
which allows the foam density, nanostructure morphology,
and composition to be controlled. The production process and
typical characteristics of the foam depositions are described in
detail in [34]. While hydrogen will be naturally present in the
foam owing to hydrocarbon contamination, the targets were
produced with a codeposition of boron and polyethylene to
further increase the hydrogen content within the foam. Using
energy-dispersive x-ray spectroscopy to measure the C and B
atomic ratios, the boron-to-hydrogen ratio of the foam code-
position was estimated to be 1:1.4, under the assumption that
the C:H ratio remained the same as the original polyethylene
target (approximately 1:2).

C. Diagnostics

During the laser-plasma interaction, protons and heavy
ions (i.e., boron, carbon, and nitrogen) are accelerated over
a broad range of angles. Because of their high sensitiv-
ity to individual charged particles, Colombia Resin No. 39
(CR39) nuclear track detectors are regularly implemented
to discriminate p 11B fusion-generated alpha particles from
other energetic ions [24,35]. When energetic ions irradiate the
CR39, the structure of the polymer is damaged. Following
etching in 6.25 M NaOH at 70 ◦C, the damage appears as
visible, dark tracks, as the damaged polymer is etched at a
greater velocity than the bulk CR39 material. These particle
tracks can be imaged using an optical microscope.

The size of particle tracks depends on the charge and
energy of the incident particles [24,35]. In principle, it is
possible to discriminate alpha particles from the proton and
heavier ions tracks present on CR39 detectors. However, be-
cause of the broadband energy spectra of the other energetic
ions (i.e., protons, carbon, and boron ions) generated in a
laser-plasma interaction and the statistical nature of ion energy
loss, the track dimensions of the various species can overlap,
sometimes making it challenging to assess the alpha particle
yield [24,36].

Aluminium (Al) filters of thicknesses ranging from
6.5−14 µm were placed on each CR39 detector, as summa-
rized in Table II. The filtering has two roles: (1) shielding the
CR39 from the high flux of low energy particles, preventing

saturation of the detector, and (2) providing information on the
energy distribution of the alpha particles. Depending on the
effectiveness of the acceleration of heavy ions, the Al filters
can also block a significant flux of heavy ions, improving the
confidence of alpha particle detection. Based on calibration
data obtained using conventional accelerators at INFN-LNL
[36,38] (see Appendix A), alpha particles with energies in the
range 0.5−3.7 MeV are expected to produce tracks with areas
ranging from 1 to 5 µm2. The majority of alpha particles gen-
erated via the 675 keV resonance have an energy of ≈4 MeV
[39]. Therefore, after escaping the target and passing through
the Al filters, the fusion-generated alpha particles should pro-
duce particle tracks with areas within our calibration range.

Because of the thickness of the target (≈mm), alpha par-
ticles cannot escape the rear surface of the target. Therefore,
all CR39 diagnostics were placed observing the front surface
of the target. Three CR39 detectors were placed at −45◦,
44◦, and 80◦ (see Fig. 1) at distances of (50 cm, 49 cm, and
45 cm) in single shot mode or (70 cm, 67 cm, and 64 cm)
when accumulating more than one shot.

A Thomson parabola spectrometer (TPS) and time-off-
light (TOF) diamond detector were used to characterize the
ion flux generated in the interaction during each shot. A TPS
was placed at an angle of 60◦ relative to the target normal,
observing the front surface of the target as seen in Fig. 1
and was equipped with a 600 µm diameter entrance pinhole.
The TOF detector was positioned at 5◦ relative to the target
normal, at a distance of 60 cm, and was shielded with a 6.5 µm
aluminum filter.

III. EXPERIMENTAL RESULTS

The proton energy spectrum extracted from the Thomson
parabola for several targets is presented in Fig. 2(a), not-
ing that the maximum detectable energy of the diagnostic
is ≈2.5 MeV. Figure 2(b) shows the results for four shots
measured using the TOF diamond detector. Assuming all ions
are fully ionized, boron, carbon, and nitrogen ions will have
a charge-to-mass ratio of ≈0.5. Therefore, given the same
accelerating potential, the maximum energy of these heavier
ions will be ≈50% of the proton cut-off energy. However,
it is well known that because of their higher charge-to-mass
ratio, protons are preferentially accelerated and will partially
deplete the accelerating field. Heavier ions, therefore, typi-
cally experience a reduced accelerating potential. Considering
the proton energies detected by the TOF and TPS (≈2 MeV),
the flux of heavier ions that are energetic enough to
reach the filtered regions of the CR39 nuclear track detectors
is expected to be very low. In several shots, the filtering
appeared sufficient to stop all heavy ions.

A 1-mm-thick polypropylene target was irradiated as a
reference for the typical ion emission from thick targets. Fig-
ure 3(a) shows a portion of the raw CR39 image and the
resulting distribution of particles detected by CR39 placed
at 80◦ to target normal and shielded by a 6.5 µm Al filter.
The production of p 11B fusion alpha particles is not expected
from this target owing to the absence of boron. Therefore,
the particle tracks observed in Fig. 3(a) are entirely caused
by protons or carbon ions. The small particle tracks (below
≈2 µm2) are generated by the high flux of proton ions [38].
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(a) (b)

FIG. 2. Summary of the energy spectrum of backward accelerated protons detected using (a) a Thomson parabola placed at 60◦ to target
normal at a distance of 150 mm and (b) a time-of-flight diamond detector placed at 5◦ to target normal, at a distance of 600 mm.

There is a negligible contribution of tracks with areas greater
than ≈2 µm2, which would be associated with heavier ions
(carbon, oxygen, etc.). This is expected as ion acceleration via
the TNSA mechanism is typically less effective in very thick
targets owing to the absence of hot-electron refluxing [40]
and the long-scale length preplasma present at the front sur-
face of the target, produced by the laser pedestal [41]. Below
≈2 µm2, the proton and alpha particle track distributions can
overlap; therefore, if the proton flux is very high, the alpha
particle signal in this region can be hidden.

Two components are visible in the track area distribution in
Fig. 3(b) obtained from CR39, 80◦ to target normal following
irradiation of an (NH3BH3) target. As in Fig. 3(a), tracks with
areas less than 2 µm2 are associated with protons. The second
component falls entirely within the range expected because
of fusion-generated alpha particles (1−5 µm2) based on our
calibration data.

Figure 3(c) displays the track area distribution extracted
from CR39 placed 45◦ to target normal after irradiation of the
B-CH2 foam. Three components of the track distribution can
be identified. The track area of the third “peak” extends to
≈8 µm2, which is significantly beyond the track size expected
from alpha particles when considering the calibration data and
what is observed in Fig. 3(b). Therefore, the third peak must
be attributed to higher-charge ions such as boron, nitrogen,
and carbon, which have been efficiently accelerated in the
interaction and can pass through the 6.5 µm Al filter. Note that
these larger tracks were also present on the CR39 shielded
by 10 µm and 14 µm thick Al as well. This apparent third
peak was observed when irradiating B-CH2 foam targets and
BN targets with low-density hydrocarbon depositions. The
authors suggest that this could be because of low hydrogen
contamination in the case of the BN targets, which results
in more energy being coupled to heavier (B, N, C) ions. The
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FIG. 3. Particle track area histograms and a section of the corresponding CR39 image after etching in 6.25 M NaOH for 60 min. The CR39
detectors were shielded with a 6.5 µm Al filter. (a) 1 mm Polypropylene target, CR39 placed 80◦ to target normal, (b) 3 mm ammonia-borane
(NH3BH3) target, CR39 placed 80◦ to target normal, and (c) 100 µm B-CH2 foam target (80 mg cm−3), CR39 placed 45◦ to target normal. The
track area histograms are separated into components expected to be associated with protons, alpha particles, and heavy ions.
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FIG. 4. α-particle yield extracted from CR39 nuclear track de-
tectors (a) at 80◦ and (b) at 45◦ to target normal. The alpha particle
yield is reported for three regions of the CR39 detector shielded by
Al filters of thickness 6.5 µm, 10 µm, and 14 µm.

low-density boron and hydrocarbon depositions can enhance
laser absorption, resulting in improved ion acceleration [33].

In Fig. 3, the distributions have been fitted with empirical
functions to separate the different components in the CR39
track distributions. An exponential decay (marked in green)
was used to fit the proton component of the distribution.
This function appears to fit the proton component of the
distribution well in all cases. Heavier ions can create a broad
range of track sizes depending on their energy. The heavy ion
distribution was fitted with a Gaussian distribution (marked
in yellow), which decays exponentially to lower pit diame-
ters. This distribution shape was used to account for smaller
particle tracks generated by energetic heavier ions. The alpha
particle component was fitted using an asymmetric Gaussian
distribution (marked in red). The three components were fit
simultaneously using a 100 000 iterations long, Markov chain
Monte Carlo using the Metropolis-Hastings algorithm. The
alpha particle flux was calculated by integrating the alpha
particle component of the fitting function. The mean alpha
particle flux and associated uncertainty were calculated from
the statistical mean and standard deviation of the integrated
area. In Fig. 3(c), three peaks are observed, where the third
peak is attributed, as mentioned earlier, to heavier carbon and
boron ions. In Fig. 3(b), it is assumed there is no heavy ion
signal owing to the absence of a secondary peak observed in
Fig. 3(c).

The alpha particle flux extracted from the CR39 detectors
is presented in Fig. 4. Because of the shot-to-shot variation
from the laser system and the large uncertainty associated
with CR39 analysis, it is not possible to identify whether,
amongst the targets explored, any of them is better suited
for applications in p 11B fusion. However, each target tested
here shows promising results with a maximum alpha parti-
cle flux of 5 × 108 sr/shot detected in the region shielded
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ated via laser-driven proton-boron11 p 11B fusion reactions nor-
malized by laser energy and separated by target geometry
[7,17,19–24,27,42,43].

by a 6.5 µm filter. This represents up to a fivefold increase
in alpha particle flux compared to a previous experimental
campaign using the TARANIS laser system, which employed
thick BN targets with a µm-scale hydrocarbon film on the
surface [27]. Normalizing by laser energy, these results (up
to 5 × 107 α/sr/J) are comparable with the highest fluxes of
alpha particles generated using kJ class laser pulses [44] and
highly relativistic laser intensities [24], as shown in Fig. 5. The
alpha particle yield generated from the BN with hydrocarbon
deposition targets could be further increased using natural
boron instead of BN as the substrate. Considering the B-CH2

foam target, the CR39 detectors placed 45◦ to target normal
featured a significant number of particle tracks attributed to
protons, alpha particles, and heavy ions. However, while the
CR39 placed at 80◦ to target normal had a significant proton
flux, the number of larger tracks was negligible, and no signif-
icant alpha particle flux was identified. This was not observed
with any other targets and is expected to be ascribable to
the considerable ablation of the thick foam deposition by the
pedestal, resulting in fusion occurring deeper into the target,
therefore blocking the line-of-sight to the CR39 placed at 80◦.

The energy distribution of alpha particles is peaked at
≈4 MeV given an incident proton energy of 675 keV [39].
Therefore, only the alpha particles generated very near the
surface of the target have enough energy to pass through
the 14 µm Al filter (see Table II), resulting in the low alpha
particle flux present behind this filter.

IV. MODELING AND NUMERICAL CALCULATIONS

A. Hydrodynamic Simulations

Because of the moderate contrast of the TARANIS laser
system, the nanosecond pedestal causes significant pre-
plasma generation and target ablation. The FLASH radiative-
hydrodynamic code [45,46] can be used to effectively model
the preplasma formation from interactions with ns pedestals
and intensities low enough that collisional processes dominate
the interaction [47]. The interaction of a 1.5-ns pedestal with
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(b) ammonia-borane (NH3BH3) (0.9 g cm−3), (c) Boron-CH2 Foam (80 mg cm−3, 60 µm), (d) ppC:H NPs (130 mg cm−3, 25 µm) on BN.

each target was modeled in 2D Cartesian geometry. The laser
was incident at an angle of 20◦ to the target normal, with
a constant peak intensity of 5 × 1012 W cm−2. The opacity
of the target materials was retrieved from the TOPS Opacity
Database [48], and the equation-of-state was calculated using
FEOS code [49]. All targets were modeled as homogeneous
slabs, neglecting any nanostructure. It is assumed that the
target would be significantly homogenized owing to the sig-
nificant 1.5 ns prepulse of the laser system. The output of the
radiative-hydrodynamic simulation was used to initialize the
density profile in the particle-in-cell simulations.

The boron, hydrogen, and electron density profiles fol-
lowing irradiation by the 1.5-ns pedestal characteristic of the
TARANIS laser system are presented in Fig. 6 for four differ-
ent target schemes. Other species (i.e., carbon and nitrogen)
are included in the hydrodynamic simulation but are omitted
from the plot for clarity. Figure 6(a) presents the resulting den-
sity profiles following irradiation of a BN target. At the start
of the simulation, a 10 nm thick hydrocarbon contaminant
layer was assumed on the surface of a BN target. Contaminant
layers of this thickness are present naturally [25] and typically
are thought to supply a fraction of the protons driving p 11B fu-
sion in the in-target configuration [24]. However, as expected
[50], during the FLASH simulation, the 1.5 ns pedestal ab-
lates the hydrocarbon contaminant layer. Therefore, it can be
reasonably assumed that the hydrogen responsible for driving
p 11B fusion reactions must be caused by some contamination
fraction within the target during the material synthesis. The
hydrogen density presented in Fig. 6(a) is calculated assuming
a hydrogen contamination fraction of 1% by number density
[17,21,51]. Figure 6(b) displays the density profile of the
(NH3BH3) target. In this case, there is a high concentration
of hydrogen within the bulk of the target and throughout the
preplasma owing to the high density of hydrogen in the bulk
target. Because of the low density (80 mg cm−3) of the B-CH2

foam, the 1.5 ns pedestal of the TARANIS laser system ablates
25 µm of the target and generates an overdense shock that
propagates through the target, compressing the target by a fac-
tor of four. As shown in Fig. 6(c), there is significant ablation
of the low-density deposition by the laser pedestal. During

the experiment, the laser was focused 25 µm beyond the target
surface to compensate for this. Figure 6(d) shows the pedestal
effect on a 25 µm, 130 mg cm−3 ppC:H NPs deposition on BN.
Also, in this case, because of the low density of the deposition,
we observe significant target ablation. However, a ≈10 µm
thick hydrogen dense layer remains, which can be accelerated
into the high boron density region of the target. For all targets,
the target bulk has a density well beyond the hole-boring (HB)
density limit defined in [52] for these experimental condi-
tions. Therefore, any HB acceleration is confined to around
the critical density surface of the preplasma generated by the
pedestal.

B. Particle-In-Cell (PIC) Simulations

The interaction of the high-intensity component of the
laser pulse (8 J, 800 fs, 1053 nm) with the target was mod-
eled using the WarpX [53] particle-in-cell code. The focal
spot FWHM was defined as 5.1 µm, and a peak intensity of
a0 = 4.5. The 2D simulation box was composed of cells
of size 15 × 15 nm and had minimum dimensions of 92 ×
122 µm2. The 2D density profile for all target species (i.e.,
boron, hydrogen, carbon, and nitrogen if present) at the end
of the hydrodynamic simulation, following a 1.5 ns pedestal,
were imported into WarpX as the initial target density for
the PIC simulation. The initial target was modeled as fully
ionized. To reduce the computational load, the maximum elec-
tron density was capped at 160 nc. This is still significantly
above the hole-boring density limit for the TARANIS laser
parameters [52]. At least one macroparticle per cell per nc

was used for each species. In the underdense preplasma, at
least one macroparticle per cell was used per species. Mul-
tipass current smoothing and energy-conserving algorithms
were used to minimize numerical heating over the three ps
simulation time. Current smoothing and energy-conserving
algorithms were used to minimize numerical heating over the
three ps simulation time.

WarpX has implemented a pairwise nuclear collisional al-
gorithm based on the method described in [54], which runs
during the particle-in-cell algorithm using the analytical cross
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FIG. 7. Summary of results from PIC simulations. The energy spectra of (a) protons and (b) 11B ions accelerated forwards into the target,
800 fs after the peak of the laser pulse. (c) Angular proton distribution 200 fs before the peak of the laser pulse, showing a high flux of protons
accelerated normal to the laser axis as well as a high flux accelerated forward into the target via HB acceleration. (d) Normalized angular alpha
particle flux generated in the interaction with 80 mg cm−3 B-CH2 foam, 1.2 ps after the peak of the laser pulse. The positions of the CR39
detectors are annotated on the diagram. Colormap of the electron density and alpha particle density 1.8 ps after the peak of the laser pulse for
the (e) 80 mg cm−3 B-CH2 target and (f) (NH3BH3) target.

section described in [12]. This allows for the generation of
alpha particles and the angular distribution and location of
the proton boron fusion reactions to be retrieved from the
simulation.

The results of the PIC simulations are summarized in
Fig. 7. Figure 7(a) shows the energy spectrum of protons
accelerated forward into the target 800 fs after the peak of the
laser pulse. For all targets, it was possible to accelerate protons
to energies of a few MeV, considerably above the peak in the
p 11B fusion cross section at ≈700 keV, allowing the efficient
generation of alpha particles.

Comparing the proton spectra presented in Fig. 7(a), a
significantly higher flux of protons accelerated into the tar-
get bulk is observed when irradiating low-density depositions
(i.e., 80 mg cm−3 B-CH2 foam or a 130 mg cm−3, 25 µm-thick
ppC:H NPs deposition on a solid-density BN substrate) com-
pared to solid density BN and (NH3BH3) targets. The energy
coupled into protons with kinetic energy above 500 keV, was
increased by approximately a factor of two when using the
B-CH2 foam target and by a factor of four when irradiation
the ppC:H NPs deposition, relative to the (NH3BH3) target.
Before the arrival of the main laser pulse, the scale length at
the critical density is (1.8 ± 0.3) µm for the solid (NH3BH3)
target; however, the low-density B-CH2 foam and ppC:H NPs

have a significantly longer scale length of (7.0 ± 0.6) µm and
(4.7 ± 0.5) µm, respectively. HB acceleration can occur until
the plasma pressure of the target is greater than the radiation
pressure of the laser [52]. Therefore, the longer scale length
pre-plasma generated during the interaction between the laser
pedestal and the low-density target depositions increases the
maximum recession depth of the hole boring front. This re-
sults in a greater hole-boring velocity and a larger ion flux is
accelerated into the bulk target [55,56].

Under the assumption that there is only 1% hydrogen con-
tamination of the bulk target, the proton flux accelerated into
the BN target is approximately 15 times lower than for the
other targets. This highlights the need to produce targets with
additional hydrogen content, particularly as the nanosecond
pedestal quickly removes any naturally occurring contaminant
layer. Note that a significant proton flux is still observed on
the CR39, suggesting that the bulk hydrogen contamination of
the BN targets could be higher than estimated. However, the
hydrogen concentration has not been experimentally mea-
sured thus far.

Compared with Fig. 7(b), at energies of 1 MeV/nucleon,
the flux of boron ions is over an order of magnitude lower than
the proton flux. Therefore, although it is possible to acceler-
ate boron ions with energies sufficient to drive p 11B fusion

013230-7



D. P. MOLLOY et al. PHYSICAL REVIEW RESEARCH 7, 013230 (2025)

reactions, because of the low flux and greater stopping power
(∝ Z2) experienced by boron ions, their overall contribution
to the fusion yield is negligible.

The polar plot presented in Fig. 7(c) displays the angular
distribution of protons generated in the interaction with a
B-CH2 target, 200 fs before the peak of the laser pulse. At
this early stage of the interaction, it is clear that protons are
accelerated forward into the bulk target via HB acceleration,
but also, a significant flux of protons are accelerated radially
outwards relative to the direction of laser propagation. As
observed in [57,58], electrons in an under-critical preplasma
are forced radially outwards via the ponderomotive force, gen-
erating a shock that propagates outwards, accelerating protons
in the radial direction. In fact, a higher flux of protons with
energies above ≈500 keV are accelerated in the laser direction
but at angles greater than 45◦ to the laser axis, compared to
those within 45◦ of the laser axis. Geometrically, this results in
a significant flux of protons accelerated into the boron-dense
region of the target but remaining near the target surface.
Alpha particles generated by these protons are, therefore,
more easily able to escape the target and irradiate the CR39
detectors. This increases the number of alpha particles that
can be detected experimentally. The angular distribution of
protons for all four targets are presented in Appendix B.

The normalized angular distribution of alpha particles
1.2 ps after the peak of the main pulse is presented in Fig. 7(d).
Because of the low energy of protons driving the p 11B fusion
reaction, the relative flux of alpha particles into and out of the
target is within ≈20%. The highest flux of alpha particles is
directed at the CR39 placed at 80◦ to target normal.

The alpha particle density distribution 1.8 ps after the peak
of the main pulse is presented in Figs. 7(e) and 7(f) for the
80 mg cm−3 B-CH2 foam and the (NH3BH3) targets, respec-
tively. For both targets, most of the fusion must occur within
the solid target instead of the pre-plasma. This is expected as
the boron density in the preplasma is several orders of magni-
tude lower than in the bulk target (see. Fig. 6), and the fusion
reactions are primarily driven by protons accelerated forward
into the target. In Figs. 7(e) and 7(f), Z = 0 µm corresponds to
the initial target surface. In the B-CH2 foam target, the alpha
particles are generated further into the target (i.e., at greater
Z) in comparison with the solid density (NH3BH3) target.

Experimentally, a high alpha particle flux was detected at
both ±45◦ and 80◦ to target normal for the (NH3BH3) target,
but only at ±45◦ for the B-CH2 foam target. We suggest that
as the fusion takes place deeper into the B-CH2 foam target,
the alpha particles ejected at 80◦ cannot escape the foam layer
with enough energy to be detected by the CR39 detectors.
In contrast, alpha particles ejected at smaller angles quickly
escape the target and can be detected by the CR39.

In the case of the low-density foam target, owing to the sig-
nificant ablation of the target, both protons that are accelerated
forward into the target and those accelerated radially relative
to the laser axis will interact with a high density of boron
ions in the foam layer contributing significantly to the alpha
particle flux. However, the alpha particle density distribution
generated in the interaction with the solid density (NH3BH3)
target features a clear peak corresponding to protons
accelerated forward into the bulk target via HB acceleration
along the laser axis.

TABLE III. Normalized alpha particle yields calculated using
Eq. (2) and the energy spectrum of protons accelerated forward into
the target presented in Fig. 7(a).

Target Normalized α-particle yield

BN 1
(NH3BH3) 7.5

ppC:H NPs (130 mg cm−3, 25 µm)+BN 69
B-CH2 Foam (80 mg cm−3) 25

C. Numerical Calculations of Alpha Particle Yield

The probability that a proton with energy EP will initiate
a fusion event is given by Eq. (1), where σpB(E ) is the p 11B
fusion cross section, nB is the density of boron-11 ions and dE

dx
is the proton stopping power in the target,

P(EP ) = nB

∫ EP

0
σpB(E )

(
dE

dx

)−1

dE . (1)

For a proton energy distribution dNp

dEp
, the total alpha particle

yield Nα can be calculated using Eq. (2),

Nα = 3
∫ Emax

0

dNp

dEp
· P(Ep)dEp. (2)

Using Eq. (2) we can calculate the expected alpha particle
yield using the energy spectra of protons accelerated into
the boron target shown in Fig. 7(a). The stopping power of
protons in a cold B-CH2, BN, and (NH3BH3) plasma was
calculated using the erpa-dedx code [59], which is based on
the ion-stopping model described in [60]. The analytical cross
section described in [12] was used to calculate the fusion
cross section across the energy range. The normalized alpha
particle yield relative to the expected flux from a BN target is
summarized in Table III. The BN target generates the lowest
alpha particle yield owing to the low flux of protons accel-
erated into the target. The increased hydrogen content in the
(NH3BH3) target results increases the alpha particle yield by
almost an order of magnitude compared to the standard BN
target. The ppC:H NPs and B-CH2 targets produce the highest
alpha particle yield because of the high flux of protons with
energies above 500 keV.

Equation (1) depends on the stopping power of ions in
the target. The yield from ion-driven fusion reactions strongly
depends on the proton energy loss rate via ion drag [61–63].
The previous calculations assumed the stopping power of a
cold target; however, in high-intensity laser-plasma interac-
tions, the target is significantly heated through the high return
current of slow, collisional electrons [64–66] and ion drag
heating [61]. Thus, the electron temperature and density sig-
nificantly differ from that of a cold solid target, resulting in
significantly reduced proton stopping powers [17,61,67,68].
This reduction in proton energy loss has increased the number
of fusion-generated alpha particles produced. This effect has
been observed both in the in-target configuration [17] and
the pitcher-catcher configuration when using a laser-ablated
catcher [20].

Figure 8 illustrates the range of a 0.6 and 1 MeV pro-
ton propagating into an (NH3BH3) target with a density

013230-8



ALPHA PARTICLE PRODUCTION FROM NOVEL TARGETS … PHYSICAL REVIEW RESEARCH 7, 013230 (2025)

0 200 400 600 800 1000

Plasma Temperature [eV]

0

50

100

150

200

250

0.0

0.1

0.2

0.3

0.4

0.5

L
as

er
-t

o
-P

ro
to

n
 C

o
n
v
er

si
o
n
 F

ra
ct

io
n

FIG. 8. A plot of the increasing range of 0.6 to 1 MeV protons
in a 0.9 g cm−3 (NH3BH3) target with the target temperature and the
reduction in the required laser energy converted into protons.

0.9 g cm−3 and a plasma temperature range 1–1000 eV. For
the protons in the energy range of interest (i.e., around the
675 keV cross-section peak), there can be over an order of
magnitude increase in the proton range in a hot 1 keV plasma
compared to a cold target. More importantly, the range trav-
eled while protons have an energy between 0.6 and 1 MeV
(i.e., where the p 11B fusion cross section is highest) also in-
creases with plasma temperature. Thus, the integral in Eq. (1)
greatly increases, increasing the generated alpha particle flux.

Considering the shape of the energy spectra of protons
retrieved from the PIC simulation using the (NH3BH3) tar-
get, we can estimate the laser-to-proton energy conversion
required to achieve total alpha particle yield of 108 α/sr, for a
range of plasma temperatures. This is presented in Fig. 8. For a
cold target, approximately 50% of the laser energy would need
to be converted into protons with energies above 200 keV.
This is far beyond what is typically expected in such laser-
plasma interactions. However, as the temperature of the target
is increased, the required proton conversion efficiency quickly
reduces by almost a factor of seven, to 7%, at a temperature
of 1 keV. While still a significant conversion efficiency, it is
comparable to the values quoted in [57] under similar laser
parameters in the in-target scheme. Despite the measured
alpha particle yield being comparable to that described in
[17] and [24] when normalized for laser energy, the required
energy conversion efficiency is still greater than is expected
and highlights the need for further development in modeling
the transport of high current ions in the hot-dense plasma.

V. CONCLUSIONS

The high alpha particle yields recorded during this ex-
perimental campaign underscore the suitability of these
novel targets for use in in-target p 11B fusion experiments.
Achieving alpha particle yields of up to 5 × 107 α/sr/J, our
results obtained with a ps-class laser with moderate inten-
sity (≈1019 W cm−2) and energy (≈10 J) are comparable
with the highest yields obtained using very high intensity

(4 × 1020 W cm−2) femtosecond-class [24] and high energy
(kJ-class) nanosecond-class [17] laser systems per J of laser
energy. The alpha particle yield for each target category was
calculated analytically using the proton energy spectra re-
trieved from the PIC simulations. Because of the high flux of
protons with energies above 500 keV, the ppC:H NPs + BN
and the B-CH2 are expected to generate an alpha particle flux
over an order of magnitude higher than what can be achieved
with the standard BN targets. Notably, the generated alpha
particle flux significantly exceeds the predictions from ana-
lytical calculations for a cold target. This substantial increase
in fusion yield can partially be attributed to the reduction in
ion stopping power in a hot (≈1 keV) plasma generated in the
in-target geometry.

Future experiments could utilize high-contrast laser sys-
tems and the same low-density nanostructured targets used
in this campaign to enhance laser absorption further and in-
crease the target temperature [33,69,70] for a further increase
in alpha particle yield. Given the challenges of extracting
alpha particle flux using CR39 detectors, future experiments
could use CR39 in combination with the nuclear activation
measurements of the target to unambiguously calculate the
alpha particle yield [71,72].
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APPENDIX A: CR39 ANALYSIS

Using conventional particle accelerators, CR39 detec-
tors were irradiated with alpha particles at several discrete
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FIG. 9. A calibration of the alpha particle track size relative to
the incident alpha particle energy after etching for 60 min in 6.25 M
NaOH at 70 ◦C for energies from 0.5 MeV to 3.7 MeV.

energies ranging from 0.5 to 3.7 MeV [36,38]. The samples
were etched in a 6.25 M NaOH solution at 70 ◦C for one
hour. The damage tracks generated by the alpha particles were
imaged using an optical microscope. The resulting track areas
ranged from 1 to 5 µm2. This data is presented in Fig. 9.

While care was taken to maintain the same etching conditions
for every CR39 sample (both those used in calibration and
experiment), it should be noted small variations in the etching
conditions (temperature and concentration of the solution),
lighting when imaging the particle tracks, and the application
of a binary threshold during the track identification and mea-
surement process can result in slight variations in the particle
track distribution.

As discussed in the main text and highlighted in [24,35,36],
there can be significant overlap between the proton, al-
pha particle, and heavier ion (carbon, boron, nitrogen, etc)
distributions in the particle track area distribution. The sig-
nals attributed to protons, alpha particles, and heavier ions
are annotated on top of the particle track distribution in
Fig. 10.

APPENDIX B: ADDITIONAL PARTICLE-IN-CELL
RESULTS

Figure 11 shows the angular proton distribution 200 fs
before the peak of the laser pulse of four targets: Figure 11(a)
2.1 g cm−3 boron nitride, Fig. 11(b) 0.9 g cm−3, Fig. 11(c)
80 mg cm−3 B-CH2, and Fig. 11(d) 130 mg cm−3, 25 µm-thick
ppC:H NPs layer on BN. The grey-shaded region denotes
the angles at which protons will be accelerated into regions
with a high density of boron ions. Although there will also be

FIG. 10. Particle track area histograms extracted from CR39 detectors following etching in 6.25 M NaOH for 60 minutes. The histograms
are shown for all results presented in this paper.
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(a) (b) (c) (d)

FIG. 11. The angular proton energy distribution 200 fs before the peak of the laser pulse recorded from a WarpX PIC simulation. (a)
2.1 g cm−3 boron nitride, (b) 0.9 g cm−3, (c) 80 mg cm−3 B-CH2, and (d) 130 mg cm−3, 25 µm-thick ppC:H NPs layer on BN. The proton flux
from each target is normalized by the same value. 0 corresponds to the laser axis.

boron ions in the preplasma of the BN, B-CH2, and (NH3BH3)
targets, this is orders of magnitude less than the boron den-
sity in the main target and, therefore, is expected to have
a negligible contribution to the alpha particle yield. Owing
to the presence of an underdense preplasma for all targets,
the angular proton distribution is comparable for all targets
featuring a significant flux of protons accelerated radially
relative to the laser axis as the ponderomotive force radially

displaces electrons [57,58]. It was noted that there is sig-
nificant ablation of the B-CH2 foam by the laser pedestal,
resulting in the high-intensity laser-plasma interaction occur-
ring ≈25 µm below the target surface. Therefore, as shown
in Fig. 11(c), compared to the other targets, both the protons
accelerated in the laser direction and radially interacted with
a high density of boron ions, contributing to the overall alpha
particle yield.
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