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We present preliminary results on generation of energetic a-particles driven by lasers.
The experiment was performed at the Institute of Laser Engineering in Osaka using the
short-pulse, high-intensity, high-energy, PW-class laser. The laser pulse was focused
onto a thin plastic foil (pitcher) to generate a proton beam by the well-known TNSA
mechanism which, in turn, was impinging onto a boron-nitride (BN) target (catcher) to
generated alpha-particles as a result of proton-boron nuclear fusion events. Our results
demonstrate generation of a-particles with energies in the range 8-10 MeV and with a
flux around 5 x 109 sr=".

Keywords: high-intensity lasers, TNSA, CR39, pB fusion, «-particles

INTRODUCTION

In recent years, the interaction of high intensity laser beams with solid targets has paved the
way to the generation of bright sources of protons (and different ion species) through the
mechanisms of Target Normal Sheath Acceleration (TNSA) [1], including recent achievements with
the LFEX PW-laser [2, 3]. Laser driven acceleration of energetic He ions (a-particles) has remained
mostly unexplored, with exception of experimental results related to investigation of alternative
neutron-less fusion schemes, also known as proton-boron fusion (p-B) reaction [4-8]:

p+B" — 3He' +8.7 MeV

Although the use of pB reaction for clean energy production represents an attractive perspective,
this would require unpractical temperatures to be sustained through known laser compression
geometries, thus beam-target fusion schemes are being proposed. Of course from an energy
production point of view, pB fusion would be the ideal reaction since it does not imply a substantial
production of radioactive waste, differently than DT, because there would be no significant neutron
emission and hence no activation of the reactor chamber. But fusion reactors based on pB reaction
are clearly not for the near future.

Nevertheless, a strong interest in pB reactions also lies in the generation of high brilliance
a-particle sources. Such an interest for laser-driven a-particle beams derives from the fact that
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currently there are no available high current a-particle sources,
considering that they are typically produced from radioactive
materials or from accelerating He-ions in large-size cyclotrons.
On the other hand, a laser-driven a-particle source would be
promising due to the high brightness implied by the small size of
the laser-plasma interaction point and the short particle bunch
duration. If such a source is available, it could be used for
important applications, such as:

i medical applications (radioisotope production for cancer
therapy or PET);
ii studies related to inertial and magnetic confinement fusion

a-sources for radioisotopes production are potentially important
because these kinds of sources are rare. The radioisotopes which
can be produced by reactions induced by a-particles will not only
be suitable for medical applications but also for industrial ones
(for testing welding for instance).

In fusion, energetic a-particles generated in the plasma should
sustain self-heating. This means that the penetration length of the
a-particles must be comparable or smaller than the size of the
plasma (in the case of ICF, this is the standard “central hot spot”
approach to ignition). It is known that the penetration range of
ions in a dense plasma is still not well-established because of
the uncertainty in theoretically assessing the Coulomb logarithm
which determines the stopping power. In fact, in the last years
several experiments have addressed the study of stopping power
of protons in plasma and in warm dense matter [9-11]. For a-
particles the situation is similar and the effect on the possibility of
igniting a thermonuclear target in ICF can be important [12-14].
Thus, development of high-brightness a-particle sources is a key
step toward quantitatively addressing such open issues through
dedicated experiments.

Therefore, although fusion and medical applications are
quite far from each other in energy scales and interactions,
understanding the mechanisms at the base of laser-driven pB
fusion and developing high-brightness a-particle sources will be
important for both.

EXPERIMENTAL OBJECTIVES AND
METHODS

In our experiment we studied the possibility of using the high-
intensity, high-energy, PW-laser LFEX for generating high-
current, high-energy a-particle beams through the p-B nuclear
fusion reaction in two different geometries: (i) in-target, and (ii)
beam-target nuclear fusion. Both schemes were investigated by
using a single-target and a pitcher-catcher setup, respectively.
Nevertheless, only results for the beam-target configuration are
shown and discussed here.

The scheme of the experimental set-up is sketched in Figure 1,
which also schematically shows the different target geometries. In
our experiment, the laser was typically delivering 1.4 k] in 2.6 ps.
The calculated focal spot size was ~50 pum, which corresponds
to an intensity on target of ~ 2-3 x 10" W/cm?, taking into
account the ~50-60% encircled energy within the nominal focal
spot [3].

B CH

PW laser |
H+

CH (pitcher)

Cc PW laser I

HBN (in-target)

I cr39(26°)

BN (catcher)

——————————————————————————— e (0°)
I cr39(26°)

FIGURE 1 | A sketch of the experimental geometries investigated in our
experiment: (A) study of proton generation from plastic target (B) in-target pB
reaction, and (C) beam-target pB reaction. Also shown the angular position of
Thomson Parabola and CR 39 detector.

A 25-pm-CH foil was used as pitcher target for the proton
acceleration stage (TNSA regime). Then, various catcher targets
were tested (2-mm-BN, 0.2-mm-BN, 2-mm-B) to study how
the corresponding a-particle distribution (particle number vs.
energy) is influenced by the target material and thickness
(Figure 1B). The in-target pB reaction mechanism was also
investigated by using a 0.2-mm-BN foil in a single-target
geometry (Figure 1A). In this case it is important to notice that
Hydrogen is always present in the Boron Nitride target with a
concentration of ~1%. This is due to the manufacturing process
of BN which is obtained by reacting trioxide (BO3) or boric
acid (H3BO3) with ammonia (NH3) or urea (CO(NH;)2) in
a nitrogen atmosphere. The content of hydrogen, as a source
of protons, is directly related to the chemical synthesis of
the material.

Various ion diagnostics were used to determine particle beam
energy and number: (i) Thomson Parabola (TP) spectrometer
(equipped with an imaging plate) for characterization of
accelerated protons; (ii) CR39 nuclear track detectors for
detection of generated a-particles; (iii) time-of-flight (TOF)
diamond detectors for a real-time rough verification of proton
and a-particle emission; (iv) TOF neutron detector to monitor
potential concurrent nuclear reactions.

The TP was facing the target rear side, and was aligned
perpendicularly to the target surface and along the laser
axis. Instead CR-39 passive detectors were placed at different
positions inside the target chamber, facing both the front and
rear side of the target, thus allowing to study the angular
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FIGURE 2 | Proton energy distribution measured by the TP spectrometer for
the reference shot in which only the 25-um-CH target was used (laser at 1.4
kJ/2.6 ps). This shows acceleration of a very high number of protons (>10'®
sr1) with energies in the 1-10 MeV range. Insets shows the actual ion traces
on the IP detector.

distribution of the emitted a-particles. The latter was certainly
the most reliable diagnostics for a full characterization of the
alpha-particle emission, demonstrating outstanding preliminary
results, nevertheless their post-mortem analysis is extremely
time-consuming. Therefore, in this paper we show preliminary
results obtained for the BN-2mm target and only for the CR39
detector placed on target rear side in proximity of the TP proton
spectrometer (at 26° with respect to the normal to the target, i.e.,
co-axial to the laser beam). Further experimental results are being
analyzed and will be presented in a more comprehensive article
currently in preparation.

EXPERIMENTAL RESULTS

Figure 2 shows the proton energy distribution recorded during
the reference shot in which only the 25-um-CH target was
used. This demonstrates acceleration of a very high number of
protons (>10'* sr=!) with energies in the 1-10 MeV range,
and still a substantial emission (>10'! sr~!) in the 10-25 MeV
energy range. The estimated laser-to-proton energy conversion
efficiency is about 7%.

The energy distribution of protons transmitted through the
catcher (configuration with CH + 2-mm-BN targets) was also
measured and demonstrated that a high number of protons
(>10'"! sr=1) accelerated from the pitcher is able to emerge from
the catcher rear side with energies in the range of 0.5-2 MeV, i.e.,
in the region where the pB reaction cross section is maximized
(main resonance at 0.7 MeV).

Figure3 shows an example of CR39 analysis (optical
microscope snapshot) after 30 min. of detector etching. This

FIGURE 3 | Example of CR39 showing a-particle tracks at the optical
microscope after 30 min etching. This corresponds to a shot with CH+BN
pitcher-catcher geometry with a 2-mm thick BN slab. This CR39 sample was
facing the catcher rear surface, at an angle of 26° from the target normal and a
detection distance of about 36 cm. The detector was covered with a 30 um Al
foil to stop low energy particles, thus providing a detection threshold energy of
6.4 MeV for a-particles. In this shot, the TP spectrum showed the presence of
protons with energy 0.5-2 MeV.
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FIGURE 4 | Calibration curve for CR-39 etched using a KOH 6M solution at
70°C and using a-particles emitted by a 241Am thin source.

CR39 sample was facing the catcher rear surface, at an angle of
26° from the target normal and a detection distance of about
36 cm. The detector was covered with a 30 wm Al foil to stop low
energy particles, thus providing a detection threshold energy of
6.4 MeV for alpha-particles.

CR-39 samples were etched using a KOH 6M solution at 70°C.
In order to obtain the absolute alpha-particle number for a given
energy range, we have performed an accurate calibration of the
used CR39 detectors using a-particles emitted by a 241Am thin
source (85.2% with 5.486 MeV) and 12.8% with 5.443 MeV, and
their energy was degraded by using foils of various thicknesses.
Our calibration curve correlates a-particle track size (in jLm?)
with the particle energy for different etching times, as shown
in Figure4. It is worth mentioning that the ion tracks are
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unambiguously caused by a-particles because the diameter (i.e.,
area) of tracks generated by high energy (> 1 MeV) protons is
much smaller.

Figure 5 shows the alpha particle energy spectrum converted
from the flux measured in the CR39 facing the target rear
side, averaging over 10 different areas of the same detector.
This corresponds to the shot shown in Figure 3. CR39 analysis

10"
CH-25um + BN-2mm
0.5h etching; Al-30um

dN/dE (MeV*sr)™!

10°

8.0 8.5 9.0 9.5 10.0
Energy (MeV)

FIGURE 5 | a-particle energy spectrum corresponding to Figure 3 converted
from the flux measured in the CR39 facing the target rear side, averaging over
10 different areas of the same detector. Based on ion track counting
technique, the total number of a-particles is 5 x 109/sr 4 20%.

unambiguously shows the generation of energetic a-particles
with energies in the range 8-10 MeV. Based on ion track counting
technique, the total number of alpha-particles is 5 x 10°/sr
=+ 20% in the forward direction (laser propagation axis). This
value will have to be compared with results from other target
configurations (analysis is in progress).

NUMERICAL SIMULATIONS

We tried to analyze our experimental results by using advanced
simulations. In order to describe the a-particle generation in
terms of number and energy, we used a chain of numerical
simulations. In the first step we performed PIC simulations using
the code SMILEI [15] to predict the acceleration of protons
in the plastic target (pitcher) mainly by the TNSA mechanism.
Such results can be compared with the experimental spectrum
shown in Figure 2. In a second step we used the Monte Carlo
code FLUKA [16]. In this setup, the protons are sent to the
catcher target and a-particles are produced through pB fusion
reactions. In this way we separate physical processes of laser-
matter interaction and proton generation from those related to
a-particle production.

Detector signals can be numerically reproduced for each laser
shot. We obtained the ion spectra measured by the TP and the
a-particle fluxes (and energies) measured by the CR-39 as a
function of their spatial positions, with the goal to carry out a
full comparison and a robust data interpretation. An example of
preliminary simulation outputs is shown in Figure 6. For sake of
simplicity, this simulation was done with a target of pure B of
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FIGURE 6 | a-particle angular distribution produced from 2-mm-B target obtained from SMILEI-FLUKA simulations.
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2mm thickness instead of BN 2 mm. The results are qualitatively
the same: only, since the target densities are similar, the BN target
contains half boron atoms. As an order of magnitude, we do
expect therefore the BN target to produce half of the a-particles
of the B target.

CONCLUSIONS

In our experiment, we studied the generation of energetic
a-particles driven by using a short-pulse, high-intensity,
high-energy, PW-class laser. We used two different target
configurations in which pB fusion reactions were induced either
by (i) an external proton beam generated on a secondary CH
target by the TNSA mechanism, or (ii) directly using hydrogen
contained in the target which was directly irradiated by the
laser. We also tested different thickness of the boron target and
different stoichiometries (pure boron vs. boron nitride). Here
we have shown only the results obtained for a 2-mm BN target
in the pitcher-catcher configuration. Our results demonstrate
generation of a-particles with energies in the range 8-10 MeV
and with a flux around 5 x 10° sr!.
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