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A B S T R A C T

Nuclear fusion reactions involving protons and boron-11 nuclei are sparking increasing interest thanks to ad-
vancements in high-intensity, short-pulse laser technology. This type of reaction holds potential for a wide array
of applications, from controlled nuclear fusion to radiobiology and cancer therapy. In line with this motivation,
solid ammonia borane samples were developed as target material for proton-boron (pB) nuclear fusion.
Following synthesis and shaping, these samples were tested for the first time in a laser-plasma pB fusion
experiment. An investigation campaign focusing on surface chemical/physical analysis was carried out to
characterize such samples in terms of composition of B and H, precursors of the pB fusion nuclear reaction, thus
having a key impact on the yield of the generated nuclear products, i.e., alpha particles. A follow-up experiment
used an 8 J, 800 fs laser pulse with an intensity of 2 × 1019 W cm− 2 to irradiate the targets, generating ~ 108

alpha particles per steradian. The alpha particle energy range (2–6 MeV) and normalized yield per laser energy of
up to (6 × 107 J/sr) are comparable with the best previous alpha particle yields found in literature. These results
pave the way for a yet unexplored category of pB fusion targets.

1. Introduction

In the palette of advanced fusion concepts, the nuclear interaction
between protons and boron ions stands out as a prominent and signifi-
cant phenomenon. Long after its experimental discovery by Rutherford
and Oliphant in the 30 s of the last century [1], proton boron fusion has
been revived by the laser-plasma community since early 2000 exploiting
short-pulse, high-power lasers leading to new studies enabling a deeper
understanding of the underlying physics and, at the same time, an in-
cremental optimization of the nuclear fusion reaction rate, thus trig-
gering promising developments towards multidisciplinary applications

such as clean energy sources [2–18] and medical applications [19].
The heightened interest in this area stems from the p-11B fusion re-

action (p+ 11B → 3α + 8.7 MeV), which cross-section shows a maximum
value of 1.4 barns at a kinetic energy of 675 keV of the incident proton in
the laboratory frame [20,21]. A secondary resonance is also present at
160 keV with a maximum cross-section of about 0.1 barns. Then, the
reaction proceeds predominantly by a sequential decay via the ground
or first excited states of 8Be, resulting in the production of three α par-
ticles [21]. Compared to conventional nuclear fusion reactions, e.g.,
deuterium–tritium fusion, the main advantage of pB fusion lies in the
absence of neutrons, which implies negligible activation of potential
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nuclear reactor materials, thus very low amounts of radioactive waste
[2–18]. For this reason, pB fusion is considered a clean and ecologically
acceptable energy production route. In addition, the kinetic energy of
the produced charged products, i.e. alpha particles, could be directly
converted into electricity [2–18]. After the first pB fusion pioneering
experiment driven by lasers in 2005 [11], a series of promising experi-
mental results were conducted between 2013 and 2015 [6,7,17,18]
using various target materials, including boron-doped polymer (C–H +

B), boron-doped silicon hydrogenated (Si-H-B), and boron nitride (B-N)
targets [8–10]. These experimental studies demonstrated that, besides
the characteristics of the used laser pulses, such as energy, pulse width,
and intensity (W cm− 2), or experimental approach (e.g., “in-target” and
“pitcher-catcher”) schemes [4–6,8–11,17,18], a key factor for
enhancing the pB fusion yield is the nature and chemical composition of
the materials used as targets that should ideally contain the highest
possible amount of the nuclear reaction precursors, i.e., hydrogen and
boron. Following such requirements, we have designed and tested pB
fusion targets made of various materials, also based on a close collab-
oration with scientists from the ELI Beamlines laser facility (ELI-ERIC
pan-European infrastructure) and other national and international
research institutions during the last 15 years, as reported in several
experimental studies [4–6,8–11,17,18]. In this context, Ammonia
Borane (AB), NH3BH3, thanks to its extremely high hydrogen capacity
and stability under ambient conditions, has been acknowledged as one
of the most promising candidates for pB fusion. In fact, thermolysis of AB
is theoretically capable of liberating up to 19.6 wt% hydrogen (3.0
equivalents of H2) [22,23]. In this work, we focused on the design,
realization, characterization, and first test to date of AB targets as an
innovative material for maximizing the number of pB fusion events
using a laser-based approach. Moreover, we report a combination of
radiative-hydrodynamic and particle-in-cell simulations to investigate
the physics behind the laser-target interaction supporting the obtained
experimental results.

2. Materials and methods

2.1. Material synthesis

Tetrahydrofuran (THF), Sodium borohydride (NaBH4), Ammonium
sulfate (NH₄)₂SO₄ and liquid ammonia (NH3) were purchased from
VWR. All chemicals were used without any further purification. AB is
produced starting from sodium borohydride and ammonium sulfate in
ammoniated (5 %) THF. In a typical reaction procedure [24], liquid
ammonia (5mL) is mixed with reagent-grade THF (100mL) contained in
a flask fitted with a stirrer and Dimroth condenser. The flask was cooled
in an ice-water bath. Sodium borohydride (3.783 g) and powdered
ammonium sulfate (13.2 g) were transferred to the reaction flask after
the addition of ammonia. The mixture was stirred carefully for 2 h at
0 ◦C and then at room temperature for 8 h. Subsequently, ammoniated
THF solution (50 mL, 1 M) was added to the reaction mixture and stirred
for 30 min. The sodium sulfate that is produced is filtered through a
sintered glass crucible and then washed with THF. Obtaining a clear,
transparent solution in which AB is dissolved. Finally, the filtrate was
concentrated via rotary evaporation under vacuum to obtain the
simplest molecular boron-nitrogen-hydride compound that appears as a
white solid powder.

2.2. Material characterization

Scanning electron microscopy experiments were carried out using a
SEM Phenom XL. The instrument is equipped with an EDS X-ray
microanalysis system that allows the chemical analysis of the sample. In
addition, the instrument is equipped with a 3D reconstruction software
package capable of mapping the surface roughness of an area of 800 ×

800 µm2.
The mean surface roughness was measured utilizing a KLA-Tencor P-

6 stylus profilometer. The sampled area was 800 × 200 µm2.
FTIR spectra were acquired in transmission mode by a micro-FTIR

Nicolet iN10 equipped with a liquid nitrogen-cooled mercury cad-
mium telluride (MCT) detector. Samples were scanned in the range
750–4000 cm− 1 with a 4 cm− 1 resolution. The sampled area was 150 ×

150 µm2.
XPS measurements were performed using a Kratos AXIS UltraDLD

instrument equipped with a hemispherical analyzer and a mono-
chromatic Al Kα (1486.6 eV) X-ray source in spectroscopy mode. The AB
samples were analyzed with a take-off angle between the analyzer axis
and the normal to the sample surface of 0◦, corresponding to a sampling
depth of approximately 10 nm. The spectra were aligned, setting C 1 s
core level hydrocarbon peak at 285 eV. All XPS data were analyzed using
the software described in Speranza and Canteri [25].

3. Results and discussion

3.1. Compositional and surface characterization of ammonia borane
targets

AB is synthesized via ammonia-mediated synthesis at ambient tem-
perature and pressure according to the following reaction [24].

2NaBH4 + (NH4)2SO4 ̅̅̅̅̅̅̅̅̅ →
5% NH3 in THF 2NH3BH3 + Na2SO4 + 2H2 (1)

Upon completion of the reaction, 0.3 g of the synthesized powder was
pressed using a pneumatic press at 5000 psi for 1 min under a low
vacuum of 200 Pa.

After the pressing process, the resulting pellets had a mass of
approximately 0.3 g with cylindrical symmetry and dimensions of 12
mm diameter x 2.8 mm thickness. The final density of the pellet reached
a value of 0.87 g cm− 3. Fig. 1a shows the schematization of the process
alongside a picture of the final pellet.

The morphological and chemical composition of the produced ma-
terial was analyzed using SEM-EDX spectroscopy (Fig. 1b). The AB
target was mainly composed of Nitrogen (46.2 atomic%) and Boron
(43.2 atomic%) with the remaining atomic% of impurities of carbon and
oxygen (Fig. 1c and Table S1). These findings confirm that the obtained
compound after synthesis was AB with a marginal atomic concentration
of carbon and oxygen, probably due to some residual organic solvent
used during the preparation of the compound. Considering the pellet
density of 0.87 g cm− 3 and the molar mass of AB of 30.87 g mol− 1, the
density of boron and hydrogen in the pellet is 1.7× 1022 atoms cm− 3 and
1.0 × 1023 atoms cm− 3, respectively. In addition, the surface
morphology of the produced pellet was characterized using 3D recon-
struction imaging (Fig. 1d) and mechanical surface profilometry
(Figure S2, Table S2), obtaining a relatively homogeneous surface pro-
file of the final target with a mean surface roughness of 3 ± 0.2 µm.

The vibrational spectrum of AB has been extensively investigated
through both computational and experimental approaches, allowing the
identification of all the modes [26]. The Fourier Transform Infra-red
(FT-IR) spectrum is reported in Fig. 1e. It is worth noting that special
attention was paid to the B-N vibration and their corresponding bonds
with hydrogen atoms. For example, the stretching frequency of the B-N
bond is identified as a well polarized band of medium intensity at 785
cm− 1 [26]. Moreover, B-H bonds can be identified through the presence
of asymmetric B-H bend at 1164 cm− 1 and B-H stretch at 2271–2327
cm− 1. Additionally, the presence of an N–H bond is confirmed by the
presence of a symmetric N–H bend at 1388 cm− 1, N–H stretch at 3245
cm− 1 (symmetric) and 3309 cm− 1 (asymmetric). Finally, the asymmet-
rical N–H and B-H rock peak at 726 cm− 1 confirms the correct synthesis
of the ammonia borane compound.

The chemical state of AB in the newly prepared target was studied by
XPS, as shown in Fig. 1f and Fig. 1g. The core level of boron, B 1 s
spectrum shows a peak at a binding energy (B.E.)= 188 eV, attributed to
AB composite, a peak at a B.E. = 192.5 eV due to unavoidable surface
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oxidation of boron during manipulations and storage of the samples.
Finally, a peak at B.E. = 189.5 can be attributed to borazine-like com-
pounds [27].

The nitrogen N 1 s core level spectrum shows three main components
at 399, 401, and 402 that can be assigned to borazine-like, AB, and
ammonium impurities, respectively [28].

3.2. Calibration and analysis of CR-39 nuclear tracks detectors

CR-39 nuclear track (poly-allyl-diglycol-carbonate) detectors were
used to detect the alpha particles produced in the proton boron reaction
to discriminate them from other ions generated in the laser-plasma
interaction [7,28–40].

The detectors’ energy calibration can be performed by irradiating
them with monochromatic ion beams at conventional accelerator fa-
cilities or using radioactive sources. The laser-driven ion beams are not
monoenergetic and, therefore, cannot accurately be used as an ion
source to calibrate the CR-39 detectors unless a control spectral
dispersion is used. For this experiment CR39 detectors were calibrated
with an 241Am source [7] (additional details can be found in Supporting
Information).

In the experiment at the TARANIS laser laboratory (Queen’s Uni-
versity Belfast, UK), protons, nitrogen, boron, carbon ions (originating
from surface contaminants), and alpha particles emerging from the p11B

nuclear reactions were generated as a result of high-intensity laser-
target interaction, and collected by the CR-39 detectors positioned in-
side the interaction vacuum chamber at 44◦, − 45◦ and 80◦ relative to the
target normal, as shown in the experimental setup in Fig. 2.

After the irradiation, the CR-39 detectors were etched for 1 h in a
6.25 MNaOH solution at 70 ◦C. The tracks were imaged using an optical
microscope with a scale of 4.85 pixels per micrometer. A set of
aluminum filters, with thicknesses ranging from 6.5 µm to 20 µm, were
placed in front of the CR-39 detectors. The filters served for both: (i)
shielding the CR39 from the high flux of low energy heavy ions (i.e.,
boron, nitrogen, and carbon) produced in the interaction, thus pre-
venting the CR39 from saturating, and (ii) allowing for an approximate
calculation of the alpha particle energy spectrum. Table 1 details the
thickness of each aluminum filter alongside their respective alpha par-
ticle and carbon ion cutoff energy.

3.3. Laser-driven pB fusion experiment

The 10 TW TARANIS laser system delivered 800 fs pulses with 8–10 J
energy (on target) at 1053 nm [41]. The laser focal spot had a full-width-
half-max (FWHM) of 5.1 μm, corresponding to a mean laser intensity of
around 2x1019 W cm− 2 within the FWHM at the target surface. The laser
was p-polarized on the target and incident at an angle of 20◦ relative to
the target normal.

Fig. 1. A) schematic representation of the target process preparation, b) sem image on nh3-BH3 c) EDX analysis, d) 3D reconstruction imaging, e) FTIR spectra, f) B 1
s and g) N 1 s core level XPS spectra on AB target.
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Previous pB fusion experiments, [42], conducted at TARANIS have
demonstrated that the use of H- and B-rich targets can produce pB fusion
reactions through the acceleration of protons from the target front-
surface (or pre-plasma) into the target bulk with energies of a few
MeV, thus producing alpha particles in proximity to the target surface
that are emitted in all directions but can be detected only in the back-
ward direction of propagation due to the target thickness (forward
propagating alpha particles are stopped in the bulk target).

3.4. Analysis of fusion-generated alpha particles

CR39 nuclear track detectors were positioned to observe the target
front surface. Fusion-generated alpha particles and plasma ions irradi-
ated the CR39 during the laser shot, thus producing structural damage in
the CR39 material. After the chemical etching process, the damage
visible in the shape of dark pits (see Fig. 3) was analyzed using an optical
microscope with 50x magnification and a spatial scale of 4.85 pixels per
micrometer. Using the CR39 calibration, it is possible to discriminate the
fusion-generated alpha particles from the plasma ions by analyzing the
pit diameter [43,44]. Aluminum filters with thickness in the range of
6.5–20 μm were used in front of each CR39 detector, allowing for the

identification and calculation of the alpha particle yield over a broad
range of energies. The distances between the CR39 detectors and the AB
target were 64 cm, 67 cm, and 70 cm, as shown in Fig. 2. The CR39
detectors were placed at angles from − 45◦ to 80◦, as shown in Fig. 2.
Placing CR39 detectors at large angles relative to the target normal re-
duces the energy and flux of plasma ions, thus allowing to avoid the
overlap of different particle tracks [44].

A time-of-flight (TOF) diamond detector and Thomson Parabola
were placed at 5◦ and − 60◦ with respect to the target normal to detect
plasma ions accelerated backward, i.e., monitor the laser-plasma inter-
action at each laser shot.

After the irradiation of the AB targets in the TARANIS experiment, an
ex-situ analysis of the CR-39 detectors allowed estimating the flux of
alpha particles generated after a certain number of laser shots during the
pB fusion campaign, as summarized in Table 1. The alpha particle flux
was averaged over three laser shots, and the corresponding average laser
energy per shot was 8.6 J.

The alpha particle energy distributions, reconstructed thanks to the
available CR39 calibration, ranged between 2 and 6 MeV, thus in good
agreement with results in the literature [4–11,17,18].

The maximum recorded flux of alpha particles per laser pulse was
around 5 × 108 sr-1 at 80◦ to target normal, which takes into account
only those with energies above 2 MeV (alpha particle cutoff energy for a
6.5 μm thick Al filter). In the center-of-momentum frame, most alpha
particles are generated with an energy of around 4 MeV [20,21]. Due to
the relatively low energy of the protons driving the pB fusion reactions,
no significant boost in alpha particle energy via momentum conserva-
tion is expected. A low alpha-particle flux of 2.5× 106 sr-1 was measured
at 80◦ behind a 20-µm Al filter, corresponding to alpha particles with
energies above 4.8 MeV.

The measured data reported in Table 1 are also visible in Fig. 3a, 3b,
and 3c with histogram graphs as yield per solid angle versus the alpha
particle energy. The experimental yield of fusion events (alpha particle
flux) quickly decreases when the particle energy increases.

Fig. 3a, 3b, and 3c show pictures of alpha particle tracks on CR39
detectors at different angles and related to the 6.5-μmAl filter and where
it is possible to observe directly how the alpha particles population
clearly shows a higher yield at 80◦ (5 × 108 sr-1) compared to the other
two angles (− 44◦ and − 45◦), as reported in Table 1. Using the CR39
calibration and aluminum filters up to an energy of 2–5MeV, i.e. in good
agreement with previous results on pB fusion reported previously in the
in-target geometry. In addition, Fig. 4 shows a magnified raw image of
one of the investigated CR39 (80◦, 6.5 µm Al), highlighting the pits
produced by the incident alpha particles. A concentration of about 50
particles has been identified over an area of 100 µm× 100 µm. The insets
in Fig. 4 show two post-mortem photos of the AB target, highlighting the
effect of the laser pulse impact both on the front- and rear side- a few
mm-deep crater is formed after the shot.

Fig. 5 shows the proton energy distribution measured by the TOF
diamond detectors in the backward direction (5◦ relative to the target
normal). The protons are accelerated backward from the target to a
maximum energy of almost 3 MeV. The low energy cutoff (~0.6 MeV)
corresponds to the energy below which the 6.5 μm Al filter stops all
protons. Considering the charge-to-mass ratio of protons and (fully
ionized) carbon, assuming an equivalent accelerating potential, the ex-
pected maximum energy of boron, nitrogen, and carbon ions is less than
~ 1.4 MeV/nucleon. Therefore, the 14 μm Al filter shielding the CR39
should stop even the most energetic heavy plasma ions. However, in
practice, due to their higher charge-to-mass ratio, protons are acceler-
ated on shorter timescales, shielding and effectively reducing the
accelerating potential experienced by the heavier ions [45–47].

2D cartesian radiative-hydrodynamic and particle-in-cell (PIC) sim-
ulations were employed to model the intense laser interaction with the
AB target, using the FLASH [48,49] and WarpX [50,51] codes, respec-
tively. The TARANIS laser has a nanosecond contrast ratio of ~ 5x10-7

relative to the main picosecond-laser pulse, contributing to significant

Fig. 2. Schematic of the experimental setup showing the location of the CR39
nuclear track detectors, time-of-flight diamond detector (TOF), and Thomson
Parabola (TP), with an inset photo of AB target mounted on dedicated support.

Table 1
Summary of the average alpha particle flux per shot on each CR39 nuclear track
detector for each thickness of Al filter placed on the CR39 and the associated ion
cutoff energy of each filter thickness.

CR-39 Al filter
Thickness (μm)

6.5 10 14 20

Alphas Cutoff [MeV] 2 2.8 3.7 4.8
Carbon Ion Cutoff
[MeV]

7.6 11.9 16.4 22.6

YIELD @ − 45◦ [sr-1] (3.0 ± 0.2)
⋅108

(1.5 ± 0.2)
⋅108

(7.8 ± 2.4)
⋅106

\

YIELD @ 44◦ [sr-1] (3.1 ± 0.4)
⋅107

(3.5 ± 1.0)
⋅106

(6.1 ± 3.2)
⋅106

\

YIELD @ 80◦ [sr-1] (5.2 ± 0.1)
⋅108

(9.9 ± 0.3)
⋅107

(3.1 ± 0.2)
⋅107

(2.5 ± 0.7)
⋅106

A. Picciotto et al.
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Fig. 3. A) alpha particle yield per solid angle vs particle energy at 80◦ relative to the target normal. b) cr-39 nuclear track detectors image of alpha particle tracks
(circular black spots) at− 45◦ c) Alpha particle yield per solid angle vs particle energy at 44◦.

Fig. 4. A) cr-39 zoom image with the alpha particle tracks in evidence (black dark spots). b) front side and rear side of the ab target after the laser shot.

A. Picciotto et al.
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pre-plasma formation before the arrival of the main pulse. Using FLASH,
a 1.5 ns pulse containing 7.5 mJ of energy was directed on a uniform AB
target at an angle of 20◦ relative to the target normal simulated, and the
evolution of the target density was tracked. Although the AB pellet has a
surface roughness of a few micrometers over the area of a focal spot
(~25 μm2), the target is approximately uniform. The equation-of-state
and opacity data corresponding to NH3-BH3 were obtained using the
FEOS code [52] and TOPS database [53], respectively. The density
profile, presented in Fig. 6, corresponds to the ion and electron density
along the target normal at the end of the FLASH simulation, following
irradiation of the AB by the 1.5 ns pedestal. The density profile shows
the generation of an extended under-dense (i.e., the electron density is
less than the critical density, ~1021 cm− 3 for the TARANIS laser wave-
length) pre-plasma generated from the ablated target. The scale length
pre-plasma generated has a 1.8 ± 0.3 μm at the critical surface which
can enhance the acceleration via the hole-boring mechanism [54]. The

ns-pedestal also drives a shock into the target, increasing the target’s
density by 25 % in the first ~ 10 μm of the over-dense region. The
density profile resulting from the FLASH radiative-hydrodynamic
simulation was injected into the WarpX PIC simulation to set the
initial ion and electron density. The PIC simulation modeled the inter-
action of the main pulse (2x1019 W/cm2, 800 fs, 1053 nm). To reduce
the computational requirements, the density was capped at half solid
density, corresponding to a peak electron density of ~ 160 nc (electron
critical density). However, this is still sufficient to model the hole-boring
dynamics for the TARANIS laser characteristics correctly [55]. The
simulation domain was composed of cells of size 15 nm x 15 nm. The
particle per cell was set to have at least 1 microparticle per cell per unit
of critical density for each species.

The protons were primarily accelerated forward from the critical
density surface of the target via hole-boring radiation-pressure-accel-
eration [56,57]. Protons are also accelerated throughout the under-

Fig. 5. Proton energy distribution per solid angle from NH3-BH3 target at 5◦ to target normal in the backward direction (not responsible for pB fusion inside the
target bulk), extrapolated from time of flight (TOF) measurements, under the assumption that there is a negligible signal from heavy ions.

Fig. 6. A) density distribution of hydrogen, boron, and electrons along the target normal axis after the 1.5 ns pedestal modeled in FLASH before the arrival of the
main laser pulse. The position of the initial target surface is displayed annotated. b) The normalized energy distribution of protons accelerated forward into the
ammonia borane target, extracted from the 2D particle in cell simulation. The cross-section of the proton-boron 11 fusion cross-section over the same energy range. c)
A colormap of the electron density overplotted by the distribution of fusion-generated alpha particles 1.5 ps after the peak of the laser pulse, highlighting that the
majority of p11B fusion reactions occur near the surface of the target.

A. Picciotto et al.
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dense plasma orthogonal to the laser propagation direction. This ac-
celeration is attributed to the generation of a channel of low electron
density as the ponderomotive force radially displaced the electrons
along the laser axis, resulting in radial accelerating fields [46,58,59].
Similar mechanisms were observed in simulations modeling a laser-
plasma interaction with similar laser parameters (both contrast ratio
and intensity) to the TARANIS laser system [60]. The energy distribution
of protons accelerated forwards into the bulk ammonia borane target,
presented in Fig. 6), was retrieved from the PIC simulation. Considering
Fig. 6b), using TARANIS laser parameters, it is possible to accelerate
protons with energies up to a cut-off energy of ~ 4 MeV. A significant
number of protons have energies above the resonance peaks of the p11B
cross section at 170 keV and 670 keV. Therefore, it is possible to drive
p11B fusion reactions efficiently. In the 2D PIC simulation, the backward
accelerated protons have a maximum cutoff energy per nucleon ~ 4
times greater than the boron ions. Considering the TOF spectrum in
Fig. 5, we can estimate the maximum heavy ion energy as ~ 0.7 MeV/
nucleon, which will be stopped by the 10 μmAl foil and is on the limit of
what can be stopped by the 6.5 μmAl filter. Therefore, when considering
our interaction conditions, we expect a negligible number of particle
tracks due to boron, carbon, etc., compared to the alpha particle flux in
the filtered regions of the CR39. The WarpX PIC code can model binary
collisions during the PIC cycle based on the algorithm described in [61],
enabling the generation of alpha particles via p11B fusion. This enables
us to investigate where p11B fusion occurs in the target. Fig. 6c) presents
the spatial distribution of alpha particles generated during the WarpX
PIC simulation, plotted on top of the electron density 1.5 picoseconds
after the peak laser intensity. For clarity, where the alpha particle
density was less than 10 % of the maximum, this was excluded from the
figure. Most alpha particle generation appears to occur within the solid
density region of the AB target, with negligible alpha generation
occurring in the pre-plasma. However, this is expected as the density of
boron in the pre-plasma (Fig. 6a) is orders of magnitude less than the
solid target density. As the alpha particles are generated within the first
few micrometers of the target surface and have an energy of a few MeV
when generated in the in-target scheme [4], a significant fraction of
alpha particles can escape from the front surface of the target and are
detected by the CR39 nuclear track detectors. The density of alpha
particles peaks in the direction of laser propagation. This is due to the
high flux of protons that are accelerated in the direction of laser prop-
agation from the critical surface by hole-boring acceleration. Mean-
while, the alpha generation in the X > 0 region (top right of the
colormap) is driven by the lower flux of protons accelerated in the pre-
plasma orthogonal to the laser axis.

It is possible to estimate the alpha particle yield using the following
equation:

N(α) = 3nB

∫ ∞

0

dNp

dE
⋅I(E0)dE (2)

Where I(E0) is,

I(E0) =

∫ E0

0
σ(E)⋅

[
dE
dx

]− 1

dE (3)

Nα is defined as the total number of alpha particles, nB the boron-11
concentration in the initial solid targets in cm− 3 (~2 × 1022), dNp

dE the
proton energy distribution, σ(E) the cross-section of the p11B reaction
and dE

dx the stopping power of protons in the target. The analytical p11B
cross section described in [15], the stopping power of protons in cold
AB, and the simulated proton energy spectrum were used to calculate an
alpha particle yield. The stopping power of protons in AB was calculated
using the dedx-erpa code [62], which is based on the ion-stopping model
described in [63], including the Barkas [64] and Bloch [65] terms.
Considering an alpha particle yield of ~ 108 sr-1, based on the modeled
proton spectrum, a laser-to-proton energy conversion efficiency of

almost 50 % (for protons with energies above 200 keV) would be
required to generate such a yield. This is significantly above typical
conversion efficiencies for example the laser-to-deuteron conversion
efficiency (up to 5 %)[60] achieved using similar laser parameters to the
TARANIS laser system. However, this calculation uses the stopping
power of a cold AB plasma. However, when considering degeneracy
effects and higher plasma temperatures [4,66,67], there is a significant
reduction in stopping power, effectively increasing the value of I(E0) in
Eq. (3), which can lead to a significant increase in alpha particle yield
(up to almost 2 orders of magnitude depending on the plasma condi-
tions) as discussed in [4,66]. Recent calculations presented in [68,69]
also demonstrate that given a sufficiently high ion current, which could
be obtainable in these laser-plasma interactions, the ions deposit enough
energy to heat the target. Considering both this ion ‘drag heating’ and
the laser directly depositing energy into the target, the target could be
heated and ionized sufficiently to reduce the rate of energy loss from
protons, enhancing the alpha particle yield [4,66,67]. Thus, a laser-to-
proton conversion efficiency significantly lower than almost 50 %
calculated above could be sufficient to generate the measured alpha
particle flux.

4. Conclusions

The presented work explored the potential use of AB-based targets
for laser-driven p11B fusion experiments. Given its simple elemental
composition and high atomic density of boron (1.7 × 1022 cm− 3) and
hydrogen (1.0× 1023 cm− 3), AB aims to represent a promising candidate
for laser-plasma induced proton-boron-fusion target material. Subse-
quently, we produced hydrogen- and boron-rich solid-density targets
based on AB. The targets were extensively characterized using various
morphological and chemical techniques, revealing a highly repeatable,
practical, and easily scalable synthesis method for creating a new class
of p11B fusion targets. Additionally, when using laser systems with
better contrast, the microstructured surface of the targets could enhance
laser absorption [70,71], leading to an increased flux of alpha particle
generation. Ex-situ CR-39, nuclear track detector analysis, returned a
maximum alpha particle yield of 6 × 107 sr-1 J− 1 per shot at an angle of
80◦ relative to the target normal produced via p11B fusion. The results
align with the current record fluxes normalized by laser energy reported
elsewhere using ns-class [4] and fs-class [43] laser pulses, highlighting
the suitability of ammonia borane targets for generating alpha particles
via p11B fusion. The laser interaction with the ammonia borane target
was modeled using Radiative-hydrodynamic (FLASH) and particle-in-
cell (WarpX) simulations. Using the energy spectrum of protons accel-
erated into the AB target extracted from the particle-in-cell simulation, a
laser-to-proton conversion efficiency of almost 50 % would generate
approximately 108 alpha particles per steradian. However, this simple
calculation does not consider the different stopping power experienced
by ions in a laser-generated plasma compared to a solid target, which
can significantly enhance the alpha particle yield [4,66,67].

In conclusion, we performed the first Proton-Boron laser-fusion
experiment with this Ammonia Borane target material. Wemeasured the
fusion alpha emission flux of 6 × 107 sr-1 J− 1. This flux is comparable to
the highest alpha particle yields reported in the literature. This first such
experiment paves the way for this yet unexplored class of pB laser-target
materials: Boranes.
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