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ABSTRACT

The majority of studies on laser-driven proton-boron nuclear reaction is based on the measurement of o-particles with solid-state nuclear tracks
detector (Cr39). However, Cr39’s interpretation is difficult due to the presence of several other accelerated particles which can bias the analysis.
Furthermore, in some laser irradiation geometries, cross-checking measurements are almost impossible. In this case, numerical simulations can
play a very important role in supporting the experimental analysis. In our work, we exploited different laser irradiation schemes (pitcher—catcher
and direct irradiation) during the same experimental campaign, and we performed numerical analysis, allowing to obtain conclusive results on
laser-driven proton-boron reactions. A direct comparison of the two laser irradiation schemes, using the same laser parameters is presented.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0238029

I. INTRODUCTION produce a few 10 uA of a-particles on target, corresponding to about

Presently, high-brightness o-particle sources are obtained in dedi- 10" a/s. One of the main applications of bright a-particles sources is in
cated cyclotrons, such as ARRONAX' or U-120M,” which accelerate the medical domain, ie., the production of radioisotopes important
He-nuclei to energies higher than 10 MeV. Such machines generally either for diagnostics (PET imaging’) or medical treatment (vectorized
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radiotherapy). Both approaches can also be merged together into thera-
nostics’ leading to more personalized medical treatments. However, the
short lifetime of many radioisotopes limits the use of radiopharmaceuti-
cals only to the medical centers located near the cyclotron.

Several recent experiments with laser-produced plasma based on
proton-boron nuclear reaction ''B(p, %)2 o showed unexpectedly high
o-particle yields, thus offering the possibility of developing sources
based on a radically new technology, i.e., laser-driven high brightness
o-particles sources. Indeed, this new approach could allow to realize
more compact, cheaper, and handier sources which could find place in
many more medical centers, virtually reducing to zero the distance
between the production and the use of the radioisotopes.

Most experiments used high-intensity lasers to produce a bright
source of protons through the mechanism of target normal sheath
acceleration (TNSA)° from a target called “pitcher.” These were
directed on a secondary boron target (called “catcher”) where the pro-
ton-boron reactions took place and a-particles were produced” (so-
called “pitcher—catcher” configuration). Alternatively, the laser could
directly irradiate a boron target (containing hydrogen) where boron
and hydrogen nuclei were accelerated by various mechanisms, includ-
ing radiation pressure acceleration® (RPA), to finally react producing
3 g-particles’ (so-called “direct irradiation scheme”).

In the pitcher-catcher geometry, intermediate measurements,
like the space phase of protons before interaction with boron, can be
done and facilitate the analysis of nuclear reactions. Furthermore, the
separation between the pitcher and the catcher allows a cleaner detec-
tion of a-particles safe from laser—matter interaction region, which is
an intense source of particles and radiations. In the direct irradiation
geometry, none of the previous simplifications apply. In addition, the
main diagnostic to measure o-particles is based on solid-state nuclear
track detectors like Cr39. Unfortunately, these detectors are also sensi-
tive to protons and ions, which are present in a large number and may
bias «-particle detection. A possible way to explore the direct irradia-
tion geometry is to use a large set of simulations with dedicated
numerical tools but in any case, reliable experimental data are required
to constrain and give confidence in computations.

We report here the results from an experimental campaign real-
ized with the high repetition rate short pulse VEGA-3 PW laser system
at the CLPU facility, exploiting the two laser irradiation schemes,
pitcher—catcher and direct irradiation. In both geometries, the laser
intensity, pulse duration, and focal spot diameter are identical. The
first part of the campaign in the pitcher—catcher configuration is repro-
duced and analyzed using particle in cell (PIC) simulations,"’ provid-
ing a validation of the numerical tools and the laser/target parameters
used in the simulation. The second part dedicated to the direct irradia-
tion is interpreted using the same numerical tools allowing to obtain
conclusive results.

Il. THE EXPERIMENTAL CAMPAIGN CONDITIONS
A. Laser parameters

The experiment was performed with the Ti:Sa laser system
VEGA-3 at the CLPU facility, which may deliver 30] in a pulse dura-
tion of 30 fs corresponding to a laser power of 1 PW at a wavelength
of 800 nm. The laser spot diameter, at full width at half maximum, is
about 11 um but only 25% of the energy is inside the central peak.
During the experiment, the laser-interaction with target was optimized
to get the most stable proton spectrum, the pulse duration was then
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adjusted to 200 fs, and intensity on target was ~3.5 x 10" W/cm®.
The contrast was about 2 x 107> at 1ps before the main pulse and
below 10 at 5 ps.

B. Diagnostics

During the campaign, both geometries, pitcher—catcher, and
direct irradiation have been tested, using the same diagnostics. Under
the conditions of laser-matter interaction, several ions species are
accelerated at the front and at the rear sides of the target, mainly origi-
nating from the contaminant layer. Hence, the low rate of "'B(p, ®)2 o
nuclear reaction makes the discrimination between wo-particles and
other accelerated ion species difficult. To estimate the number of
a-particles emitted from boron target, we used several diagnostics with
complementary detection methods, either for direct measurements
such as (i) Thomson parabola spec:trorneter,ll (ii) solid state nuclear
track detector,'” or indirect via (iii) high purity germanium detector."’
Each diagnostic presents some drawbacks, but the combination may
help to infer the correct amount of nuclear reactions taking place.

1. Thomson parabola (TP)

TP diagnostic allows deflecting ion species with different mass-
over-charge (m/q) ratios on different parabolic trajectories. Our TP had
magnetic field of 0.8 T (horizontal deflection) and electric field of few
kV/cm (vertical deflection). A 200 um diameter pinhole was used at the
entrance of the TP, and a calibrated Image plate MS type was used for
the detection.”* However, ions having the same charge to mass ratio are
on the same parabola trace and cannot be discriminated.

2. Solid state nuclear track detector (Cr39)

Cr39 gives a direct information about charged particle fluency.
After irradiation, the plastic polymer is etched in a caustic solution (5.6
M NaOH at 70° for an hour) to reveal tracks produced by ions interac-
tion with the polymer. Each ion producing a track, this diagnostic may
allow single particle detection. Nevertheless, two different ions having
different energies may produce the same track."” To solve this issue, a
thin layer of aluminum may be set in front of the CR39. Indeed, the
range of a particle depends on its energy and charge, and a given filter
thickness may help discriminating between different ions. In this
experiment, the Cr39 have a thickness of 1.5 mm and area of 2 x 2 cm?
separated into four equal regions covered by different aluminum filters
(thickness of 5, 10, and 15 um), where one region had no filter (see
Fig. 1). Cr39 have been calibrated with o-particles from the accelerator
AIFIRA'® and Pu** source up to 5 MeV (LP2I, Gradignan).

No filter

FIG. 1. Aluminum filter regions placed on Cr39.
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3. High purity germanium detector (HPGe)

HPGe allows tracing back to the number of reactions 'B(p, &)2 «
that have occurred in the target by measuring y-rays emitted from the
decay of elements produced in secondary reactions with single photon
counting. Indeed, nuclear reactions between proton and boron pro-
duce gamma emitter radioisotopes giving a clear signature of the reac-
tions (i.e., "Be or 11C). Knowing the branching ratio, the measurement
of nuclear products can give information on the main investigated
reaction. However, this diagnostic is a post-shot measurement, requir-
ing an intact target for the analysis. This may be the case in the
pitcher—catcher geometry but not in the direct irradiation, due to the
ablation of matter by the laser.

Ill. PITCHER-CATCHER SCHEME
A. Pitcher-catcher: Setup

Figure 2 shows the setup in pitcher—catcher scheme. TNSA pro-
tons produced from the interaction of VEGA-3 with a 6 um thick alu-
minum foil (pitcher) of 99 % purity, tilted at 12° with respect to laser
axis, interact on a catcher of natural Boron B (80 % 'B, 20% '°B, thick-
ness 2mm, dimension 2.5 x 2.5cm?) or boron-nitride BN (50% '“N,
40% "B, 10% '°B, thickness 5 mm, dimension 5 x 5cm2) to generate
a-particles by proton-boron fusion reactions.'” B catcher was tilted at
~45° from pitcher normal axis and placed at 24 mm from pitcher. BN
catcher was tilted at 70° from pitcher normal axis and placed at
43mm from pitcher. Positions and compositions of the different
catchers are gathered in Table I.

Thick catchers were used to maximize the proton-boron interac-
tion over a longer path. Indeed, higher-energy protons penetrate more
deeply and even if the p-B cross section is smaller, they integrate the
interaction probability over a longer range and finally also go through
the sub-MeV resonance (i.e., 675keV). Tilts of ~45° and 70° have
been tested to observe the difference in the detection efficiency of
alpha-particles.

Table II presents the position of diagnostics with respect to targets
used in this scheme. TP was used to characterize the TNSA proton and
ions spectrum emitted from aluminum pitcher rear side, when the
catcher was not present. The signal was accumulated for tens of succes-
sive shots with identical interaction parameters and then averaged.

Cr3o#2 Cr3o#3

a-particles

Cat,
~Che,
gt no,-m
10rmg,

TNSA shielding-

9=120

Laser axis

VEGA-3 Pitcher
A=800 nm AlBpm
E~ 7J (on target)

FIG. 2. Experimental setup for the pitcher—catcher scheme. VEGA-3 laser impinges
on the 6 um aluminum target (pitcher). The resulting TNSA protons accelerated at
the rear side of the pitcher interact with the B-type catcher target to produce o-par-
ticles. Diagnostic positions with respect to targets are mentioned in Table II.
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TABLE . Catcher positions and compositions.

Thickness Dimensions Distanceto  Tilt" Density
Catcher  (mm) (mm) pitcher (mm) (deg) (g/cm’)
B#1 2 25 x 25 24 0,=45 237
B#2 2 25 x 25 24 0,=48 237
BN 5 50 x 50 43 0.=70 22

“Angle of catcher with respect to pitcher normal axis.

Several Cr39 (respectively, called #2 and #3) were placed at different
angles with respect to the normal of catcher front side and accumulated
the signal during all the shot session, with same laser parameter condi-
tions. A 1cm thick aluminum shielding protects Cr39#2 from direct
emission of TNSA protons and ions accelerated from pitcher rear side
layer, and allows particle detection from catcher emission only.” Cr39 #3
was looking at both the catcher front side and pitcher rear side emission.
Catcher samples were inserted inside the HPGe detector after each shot
session to measure the y-rays emissions from “Be and ''C decays.

B. Pitcher-catcher: Experimental results

The pitcher—catcher geometry allows the measurement of the
laser driven protons responsible of the nuclear reactions within boron.
Figure 3 shows the results from the direct interaction of VEGA-3 with
the pitcher target only, where proton spectrum up to 17 MeV has been
measured with the TP. Several shot series have shown the stability of
the proton beam phase-space. Protons come from the pollutant layer
presents at the rear side of the aluminum target. Other ions, present in
this layer, are also accelerated, like cr up to 35MeV, as shown in
Fig. 3.

In total, 50 shots have been realized to test the TNSA shielding
efficiency to protect Cr39 #2. Figure 4 shows a pictures of Cr39 #2 and
#3 areas in the filtered region of 5 um Al thickness. As expected, the
detector placed at position #2 behind the shielding shows no presence
of interaction with particles, while #3 clearly shows many tracks.'”

In the presence of catcher target, particles have been detected in
the three filtered regions of Cr39#2, behind the shielding. According
to simulations (see Sec. IIIC), most of the particles detected on
Cr39 #2 are either pitcher protons deflected by the borated catcher, or
protons and a-particles directly produced in the catcher. Thanks to the
calibration of Cr39, a-particle spectra have been reconstructed from

TABLE Il. Diagnostic positions in the pitcher—catcher scheme.

Target: Pitcher Target: Catcher (B and BN)

Distance”  Angle® Distance” Angle”
Diagnostic (cm) (deg) (cm) (deg)
TP 62.5 0 s s
Cr3g#2 e o 52(B); 0, =55(B);
51.7(BN) 0, =30(BN)
Cr39#3 58 55 56.7(B); 0, =80(B);
55.6(BN) 0, = 55(BN)

“Positions with respect to target normal axis (pitcher or catcher).
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Protons - Al 6 um
Carbons C>* - Al 6 um

=

o
—
N

1011
1010
10°
108

107

10°

Particle number [MeV.sr.shot]™1

103

0 5 10 15 20 25 30 35
Particle energy [MeV]

FIG. 3. Experimental spectrum of proton and carbon ions from 6 um aluminum tar-
get rear side, obtained with TP diagnostic. Low energy carbons are cut by the coat-
ing layer of the IP model (for MS type, about 8.5 MeV).

the three filtered regions, under the assumption that no alphas with
energy lower than about 1 MeV reached the CR39 detector, and that
protons tracks were reasonably small."” Spectra showed an estimated
energy cutoff close to 7 MeV (see Fig. 5).

Figure 6 compares the total «-particle number in each filtered
region for B and BN targets. Each catcher had a different tilt with
respect to pitcher normal axis. We observe that BN catcher shows the
same order of magnitude in o-particle yield of the B catcher even if it
contains two times less boron. The reason is indeed related to the tilt at
higher angles (70°). At high angle tilt, more proton-boron fusion reac-
tions occur close to the surface of the catcher due to the grazing angle
of protons. Hence, in this geometry more o-particles, especially low
energy ones which have only a few um mean free path can escape as
they are generated closer to the surface. In addition, we can observe an
enhancement of a-yield for 5 um Al thickness filters in the case of BN
catcher. According to simulations (Sec. I1I C), the catcher tilted at 70°
considerably increases the diffusion of carbons. Since it is not possible
to distinguish carbon from o, the measurement is overestimated,
essentially in the 5 m aluminum filter region of Cr39.

To summarize, in pitcher-catcher geometry using B catcher, up
to 3.3 x 10°,2.9 x 10°, and 1.6 x 10° a/sr/shot have been detected in
the region of 5, 10, and 15 um Al filter of the Cr39# 2, corresponding
to a-particles with energy higher than 1.6, 2.8, and 4 MeV, respectively.
These numbers should be reduced to take into account the carbon
contribution (see Sec. 111 C). In the case of BN catcher, the same mag-
nitude has been measured, 7.5 x 10°, 3.2 x 10°, and 9.5 x 10° o/sr/shot,

Shielded Cr39 -2 Not shielded Cr39

v
@

i

FIG. 4. Detection comparison between Cr39 at position #2 (left), protected by the
TNSA shielding and #3 (right) not shielded during laser irradiation on 6 um Al
target.
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FIG. 5. Experimental o-particle spectra obtained with Cr39#2 from B (top) and BN
(bottom) samples in the pitcher—catcher scheme. Original spectra are reconstructed
from different filtered regions of 5, 10, and 15 um aluminum thicknesses.

respectively, for energies greater than 1.6, 2.8, and 4 MeV. We note
that the o number estimated in the 5um Al filtered region for BN
catcher must be interpreted with caution, since a strong carbon contri-
bution is expected according to simulations (see Sec. III C). We note
that an uncertainty of 25.5% (B catcher) and 43.7% (BN catcher), due
to the standard deviation of the track counts in the observed filtered
regions by optical microscopy, must be taken into account in the inter-
pretation of the experimental results.

In order to get an additional confirmation of our results on a-par-
ticle generation from BN catcher, we also used a y-ray diagnostic. In

m B catcher @45°

. 107 * ¢ B catcher @48°
= ¥ BN catcher @70°
2 y
kil
¥ 1096
= 10
= @45-702
= -
@
5]

10°

5 10 15
Cr39 filtered region [um]

FIG. 6. a-particle estimation for different catchers and angles (from 45° to 70°), in
the pitcher—catcher scheme.
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this case, after the irradiation, the BN catcher was analyzed using a
high purity germanium (HPGe) detector equipped with a DSA-1000,
16 K channel integrated multichannel analyzer and cooled with liquid
nitrogen at 77 K. The catcher was placed inside a lead container
screening it from external radiation sources for an acquisition time of
13 h and 21 min. The environmental y-ray background was taken into
account and detector was calibrated as shown in Ref. 18. The measured
y-ray spectrum shows the presence of peaks at 511 and 477 keV (see
Fig. 7). This first one is coming mainly from ''C produced by the fol-
lowing reaction:

p+ "B — '"C+n - 2765MeV (1)
with a half-lifetime of T= 20.44 min. The peak at 477 keV is due to the
"Be radioisotope decay produced by the reaction

p+'"'B—"C"— "Be +a

with a half-lifetime of T= 53.22 days.

The initial activities reported per shot on the HPGe diagnostic
give A("Be)= 0.8 Bq/s and A("' C)= 9.5 kBq/s. The number of reac-
tions can be traced back with the following equation:

_A
7

with A being the sample activity per second and 2 =1In (2)/T being the
decay constant (s™!). We finally find

N (2)

N("Be) = 5.3 x 10°/shot
N("'C) = 1.6 x 107 /shot.

Further details about the method of analysis can be found in Ref. 18.

C. Pitcher-catcher: Comparison with simulations and
discussion

The particle-in-cell (PIC) code Smilei has been used to simulate
the laser plasma interaction in 2D geometry. In a second step, the
proton phase-space has been injected in the Monte Carlo code
FLUKA'" *' to compute the nuclear reactions. In the experiment, a
pre-plasma in front of the interaction zone was present at the time of
main laser pulse interaction, due to amplified spontaneous emission
(ASE) induced in the laser system. In the PIC simulation, a density

104
11c (511 kev)
103 Be (477 kev)

Counts

102

10!

10°
350 400 450 500 550 600 650 700 750 800
Energy [keV]

FIG. 7. Measured y-spectra from BN catcher with the HPGe diagnostic.
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gradient length of 0.1 um is assumed. The density of the aluminum
target is fixed at 50 times the critical density. The simulation domain is
discretized in a 128 x 128 um® grid with a constant mesh size of
30 x 30 nm®. Each cell with matter contains 80 particles.

Figure 8 presents the comparison between experimental proton
spectra from TP diagnostic obtained in distinct days with the simu-
lated one. The good agreement gives confidence in the simulation and
validates the choice of assumptions used in the code as well as the laser
and target parameters, which allows accessing to non-measured data
as the angular distribution of protons used to initialize the MC code.

In the presence of catcher target, several tracks have been detected
on the Cr39#2 placed behind the shielding. At first sight, we expect to
detect mostly o, the diameters of the tracks seem to correspond to differ-
ent ion species. MC simulations (FLUKA) have been done to explore
the emission of particles from the catcher target in the direction of the
Cr39 detector. The simulated proton spectrum previously obtained was
used as an input source, and a detection box was placed at the position
of Cr39 #2. According to simulations (see Fig. 9), the main contributions
of particles emitted from catcher are a from proton-boron reactions
and protons diffused by the catcher or induced by nuclear reactions
inside the catcher. These are typically a few 10> per incident proton.
Diffused carbons are also observed in the case of carbon spectrum in
input, with a ratio of a few 10~ carbon per incident carbon for a catcher
at 45° and a few 10 for a catcher at 70°. This diffusion is negligible in
the Cr39 filtered region of 10 and 15 um aluminum, which need carbons
greater than 11.5 and 17.5 MeV, which are in very low numbers com-
pared to protons, according to our experimental carbon spectrum.
However, ~6MeV carbon is enough to cross 5um Al filter.
Considering a similar carbon and proton number at this energy range,
the carbon diffusion could influence the estimation of «-particles up to
10 % for the B catcher and a factor 2 for the BN catcher.

Fragmentation products can be discarded, since fragmentation
takes place for carbon energy higher than 12 MeV, and therefore, in
negligible number with our experimental carbon spectrum (see Fig. 3).
The possibility of extracting boron is also ruled out, with a ratio 100
times lower than «-particle emission, considering protons or carbons
as input source.

Simulations allow testing effects of two parameters (density and
incident angle) on the nuclear reaction rate. A direct comparison

“ 1012 A —— Protons exp data 1- Al 6 um
e B Protons exp data 2- Al 6 um
%,' 1011 —— Protons PIC sim - Al 6 um
=
:]-J 1010
Qo
IS
2 10°
[=4
2
° 108
o
107

7.5 10.0 12,5 15.0 17.5 20.0
Proton energy [MeV]

00 25 5.0

FIG. 8. Comparison of experimental spectra obtained with TP diagnostic in distinct
days (data 1 averaged on 20 shots and data 2 averaged on 5 shots) with simulated
spectrum obtained with Smilei PIC code.

Phys. Plasmas 32, 013102 (2025); doi: 10.1063/5.0238029
© Author(s) 2025

32, 013102-5

L¥:¥€:20 G20z Aenuer L


pubs.aip.org/aip/php

Physics of Plasmas

10 —— Input Protons (Smilei)
1012 """ AIpha (FLUKA)

—— 2" protons (FLUKA)

1010
108
108 {"

104

Particle number [MeV.sr]~1

10?

100 :
00 25 50 75 100 125 150 17.5 20.0

Particle energy [MeV]

FIG. 9. Simulation in the pitcher—catcher scheme. Output proton and o spectra,
emitted from the front side of the boron catcher are represented, as well with the
input proton spectrum. The output spectra, respectively, named “second protons
(FLUKA)" and “a (FLUKA),” are obtained with FLUKA MC simulation. The input pro-
ton spectrum was obtained previously with PIC simulation (Smilei) and inserted in
MC simulation. The second protons are obtained from diffusion on the catcher and
nuclear reactions inside with the catcher.

between a B catcher at a density of 2.37g/cc and a BN target at
2.2 g/cc, both irradiated by a proton beam at 45° with respect to the
normal, yields, respectively, to 4 and 2 x 10” a-particles. Changing the
incident angle to 70° for the BN catcher increases the o-particle num-
ber by a factor 1.7 (3.3 x 107 o-particles), close to the number obtained
with B catcher at an incident angle of 45° and in agreement with the
experimental results. In the last step, the a-particle spectrum has been
propagated through 5, 10, and 15 um Al filter to provide a direct com-
parison with the Cr39 measurements. From the B target, 6 x 10° a/sr
cross 5 um of aluminum, 4 x 10° o/sr cross 10 um, and 1 x 10° o/st,
15 um whereas from BN catcher, one obtains 5 x 10° a/sr, 3 x 10°
afst, and 1 x 10° a/sr, respectively (see Table 111 for summary).

We rely on MC simulations to relate the number of produced ’ Be
and "'C, to the number of produced a-particles in the catcher
(2.6 x 10% &) and escaping ones (3.3 x 107 o and hence be collected by

TABLE Ill. Summary of a-particle detection in the pitcher-catcher scheme with the
Cr39 #2 detector.

o-particle number [sr shot] !
in Cr39 #2 region:

Angle with respect to
Catcher pitcher normal (deg) 5 um Al 10 um Al 15 um Al

ARTICLE
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TABLE IV. Estimation of the branching ratio between "Be and "'C and «-particles in
the BN catcher with MC simulations. «°** are the total « emitted from the catcher
and o™ are the total « produced inside the catcher.

A B "Be e ot

oot Ratio A/B=3.3 Ratio A/B=1.7 Ratio A/B=0.12

CR39#2 detector). Simulation results show that in the case of BN,
with the typical dimension of our catcher and using the simulated pro-
ton spectrum shown in Fig. 8, only ~12 % of generated o-particles can
escape from the catcher front side (and zero from rear side). They also
show that the ratio between the number of escaping o with respect to
the number of produced ”Be and ''C is 3.3 and 1.7, respectively (see
Table V). MC simulations give ~1 x 10” produced ”Be and ~2 x 10’
produced ' C. Hence, these calculations are again in good agreement
with data obtained experimentally with the HPGe, by a factor number
of ~1.9 for ’Be and ~#1.3 for !' C.

IV. DIRECT IRRADIATION SCHEME
A. Direct irradiation: Setup

Table V shows the positions of diagnostics used in this scheme.
In this configuration (see Fig. 10), the VEGA-3 laser interacts directly
with a 100 um thick boron-nitride target (50% 14N, 40% "B, and 10%
19B) coated by 2 um plastic layer (CH) on the front and rear side (we
will call the target CH-BN-CH in the following) placed at 30° with
respect to laser axis, with a density of 2.2 = 0.1 g/cm’. In this configu-
ration scheme, a 100 um target thickness was considered to be thick
enough to stop all RPA protons (few MeV). 2 um plastic is enough to
avoid the direct laser interaction with BN material. In previous experi-
ments, the quantity of hydrogen in the target was unknown and, there-
fore, did not allow us to go back to reliable simulation results. Thus,
adding a coated plastic of known proportion made it possible to insert
the right proportions of hydrogen in PIC simulation and to obtain pro-
ton spectrum closer to the experimental one. The proton phase-space
after the plastic layer is extracted from PIC simulation and then
inserted in FLUKA simulation to interact with the BN target and pro-
duce nuclear reactions.

TP diagnostic was placed at the target rear side accumulating
TNSA ijons emission for tens of shots. a-particle emission from CH-
BN-CH target front side was characterized using two Cr39 (#5 and #6)
exposed during the entire shot session at two different angles in the
target equatorial plane.

exp B#l 45 3.0x10°" 2.9x10° 1.6 x 10°
(3.3 x 10° TABLE V. Diagnostic positions in direct irradiation scheme.
sim 6x10° 4x10° 1x10°
exp  B#2 48 27%10°° 2.1 %10° 1.3 x 10° Reference: target CH-BN-CH
(30 X 106) D]a 1 D a A 1 a d
' s p p gnostic istance” (cm) ngle” (deg)
sim 6 x 10 4 x10 1x10
exp BN 70 38x10°" 32x10° 95x10° TP 62.5 18 (rear)
(7.5 x 10°%) Cr39#5 36 26 (front)
sim 5% 10°  3x10° 1x10° Cr39#6 27 38 (front)
*Value corrected with carbon contribution. “Positions with respect to target normal axis (front and rear side).
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Target
VEGA-3 CH-BN-CH
A=800 nm 2pm-100pm-2pm
E~ 7] (on target)

FIG. 10. Experimental setup for the direct irradiation scheme. VEGA-3 laser inter-
acts directly with the CH-BN-CH target. Production of a-particle occurs inside the
target between RPA protons and Boron ions. Positions with respect to target are
mentioned in Table V.

B. Direct irradiation: Experimental results

In this configuration, diagnostics are exposed to all particles
accelerated from the CH-BN-CH target at the front and rear sides and
no shielding is possible. 10 shots on TP placed at target rear side show
the presence of a proton population with energy cutoff close to
3.5MeV (see Fig. 11). Neither the presence of a-particle nor carbon
ion has been observed on TP. Note that the IP type MS has a coating
blocking «-particles with energy lower than 3 MeV and carbon lower
than 8.5 MeV.

Cr39 placed at front side are exposed to all particles accelerated
by TNSA. In order to distinguish a-particle contribution from heavier
ions, the detectors were placed at different angles with respect to the
target normal axis to test the emission anisotropy. Apart from protons,
the laser interaction with the 2 yum CH coated layer accelerates carbon
ions. To try discriminating between Carbons and o-particles, 10 and
15 pm aluminum filters were placed in front of the Cr39. These thick-
nesses, respectively, stop 11.5 and 17.5 MeV carbons, meaning that the
a-particle count will be correct only if carbon ions have lower energies.
Figure 12 shows the particle distribution at 26° and 38° from target
normal. For a given filter thickness, the amount of detected particles is

1011 —— Protons- CH-BN-CH 100 um

1010
10°
108
107

10°

Proton number [MeV.sr.shot]~!

10°

0 1 2 3 4 5
Proton energy [MeV]

FIG. 11. Experimental proton spectrum from 100 um BN target rear side (both faces
coated with 2 um CH), obtained with TP diagnostic.
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FIG. 12. Angular distribution of a-particle detected on Cr39#5 and #6 for regions fil-
tered with aluminum thicknesses of 10 and 15 um in the direct irradiation scheme.

similar and in agreement with an isotropic distribution. Cr39 #5 detects
a-yield around 1.6 x 10° and 3.9 x 10° a/st/shot in the region of 10 and
15 um thick aluminum filter, corresponding to energies greater than 2.8
and 4 MeV, respectively. Cr39 #6 detects a-yield around 2.1 x 10° and
2.4 x 10° a/sr/shot in the region of 10 and 15 um thick aluminum filter.
Thinner filtered regions were saturated. We note that an uncertainty of
38.5%, due to the standard deviation of the track counts in the observed
filtered regions by optical microscopy, must be taken into account in the
interpretation of the experimental results.

Figure 13 represents the experimental o spectrum reconstructed
from Cr39 #5 and #6 in the region of 10 and 15 um aluminum filters,
using our calibration. Once again, it seems that regardless the position
of Cr39 at 26° or 38°, the spectral distribution of the a-particle is simi-
lar, strengthening the isotropic emission hypothesis.

C. Direct irradiation: Comparison with simulations and
discussion

Contrary to the pitcher—catcher geometry, the laser driven pro-
tons, triggering nuclear reactions cannot be directly measured.

107 i
Cr394#5 region:
T-. ~= 10 um Al filter
E -~ 15 um Al filter
2 106 i
o Cr39#6 region:
% -4~ 10 um Al filter
s ~a- 15 um Al filter
[}
T 10°
= !
.
- |
a ‘ ‘
10° S a 5 6 7

a-particle energy [MeV]

FIG. 13. Experimental «-particle spectra obtained with Cr39#5 and #6 in the direct
irradiation scheme. Original spectra are reconstructed from different regions of 10
and 15 um aluminum thicknesses.
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However, some measurements like the proton emission at the rear side
of the target thanks to the TP can reinforce the confidence in simula-
tion results. Figure 14 shows the energy-angular distributions of pro-
tons, carbons, and o-particles computed by the PIC and MC codes
(for PIC, the density of the aluminum target is fixed at 50 times the
critical density. The simulation domain is discretized in a
256 x 128 um” grid with a constant mesh size of 30 x 30 nm”. Each
cell with matter contains 80 particles). The difference in emission is
clearly distinguishable. Particles resulting from the laser driven acceler-
ation have a peaked angular distribution, with an energy decreasing
sharply with the angle with respect to the target normal, while particles
from a nuclear reaction are rather isotropic. At the rear side, TNSA
protons present a maximum energy of 3.5 MeV in agreement with the
TP measurements.

Although multi-MeV protons are present at the rear side, no
o-particles are detectable. This means that protons accelerated by RPA
process are not energetic enough to cross 100 um of BN and produce
nuclear reactions at the rear side (i.e., a-particles). Hence, the multi-
MeV protons present at the rear side are those produced by TNSA
from the target surface rear side. Carbon ions are also accelerated at
the rear side but due to the MS imaging plate used, they cannot be
detected.

Cr39 placed at the front side of the target detected all particles
emitted from the front side of the catcher, in particular, carbon ions
which could be confused with o-particles. The main difference between
them concerns the angular distribution. Simulation results indicate
that even a small change in direction should strongly modify the mea-
surement for carbons but not for a-particles. In addition, except close
to the target normal, where carbon energies can reach 30 MeV, at 26°
and 38° with respect to the target normal, their energies are too small
to cross the aluminum filters of 10 and 15 um Al and so cannot be
measured in CR39. It is worth noting that carbon has been used for
simulation since it is the ion with the lowest stopping power among
the components of the contaminant layer (appart from hydrogen) and
present in the CH deposited layer. Finally, in these conditions, only
o-particles and protons are detected by the CR39. Simulation estimate
the a-particle number to 4 x 10° o/sr and 1 x 10% a/sr after 10 and
15 um, respectively (see Table VI for summary).

V. CONCLUSIONS

This work presents experimental results on o-particle production
in p-B reactions initiated by the PW laser VEGA-3 in two configura-
tion schemes. The study of the pitcher—catcher scheme and its com-
parison with numerical simulations helped to validate our code and
give confidence in the simulation tool and the parameters to be used
for simulating the direct irradiation scheme. The o-particles were esti-
mated experimentally with solid state nuclear track detectors Cr39.
The use of filters in front of Cr39 allowed to discriminate the contribu-
tion of protons and heavy ions from «-particles, and, thanks to the cal-
ibration performed with the AIFIRA accelerator and a radioactive
source, we were able to reconstruct the o-particle spectra.

In the pitcher—catcher scheme, ~2.9 x 10° and 3.2 x 10° a/st/
shot have been estimated for energies higher than 2.8 MeV, with a cut-
off around 7 MeV, respectively, for the B and BN catchers. The com-
parison with the simulations helped to quantify and characterize the
particles emitted from the catcher reaching the Cr39 detectors. The
main contribution of detected particle on Cr39 in the 10 and 15 um Al
filtered region comes from proton and o-particles in similar number
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FIG. 14. Angular distribution of proton (a), carbons (b), and «-particles (c). Laser
impinges from left side. Circular slices represent the particle energy.
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TABLE VI. Experimental and numerical comparison of o-particle detection in direct-
irradiation scheme with Cr39 #5 and #6 detectors.

o-particle number [sr shot] ™!
in Cr39 region:

Angle of target 10 um Al 15 um Al
with respect to
Target  laser axis (deg) Cr39#5
exp CH-BN-CH 30 1.6 x 10° 3.9 x 10°
sim CH-BN-CH 30 4x10° 1x 10°
Cr39 #6
exp CH-BN-CH 30 2.1 % 10° 2.4 x10°
sim CH-BN-CH 30 4% 10° 1x10°

(a few 107> /incident proton). One should interpret numbers with cau-
tion in the 5 um filtered region of Cr39 (i.e., « > 1.6 MeV) since car-
bon diffusion can increase the o estimation by 10 % for B catcher and
a factor 2 for BN catcher. We observe that tilting the catcher target to a
higher angle with respect to pitcher normal axis may favor the produc-
tion of a-particle in layers close to the surface of the catcher, from
where they can more easily escape, thus enhancing their detection.

In the direct irradiation scheme, comparison between experimen-
tal data and simulations allowed us to infer the number of «-particles,
despite a direct exposure of Cr39 to TNSA pollutants. Thanks to the
positioning of the detectors and the use of filters, we were able to dis-
tinguish the different contributions from o-particles and heavier ions.
o-particles close to 6 MeV have been detected, and we estimated their
number to a 2.1 x 10% o/sr/shot for energies higher that 2.8 MeV.
Finally, it is interesting to compare our results with other recent results
reported in scientific literature. Figure 15 shows the comparison.
Obviously, due to the lower laser energy available on the VEGA-3
facility, as compared to K] laser installations like LFEX and PALS, the
number of a-particles obtained is lower than in previous experiments.

1010

10'l; mEE Direct irradiation .
. 100 L,
1010 I Pitcher-catcher o
5 10° 3
10° =
ey e
a o
= L —
v, 108 [This work e 5
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= 106 Margarone 10 s
i Bonvalet N
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FIG. 15. Experimental progresses in the two conﬁguration schemes in term of
a-particle  production in  “direct irradiation”**" and “pitcher—catcher’
geometries.”***
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However, in our case, only a-particles above 1.6 MeV are counted. The
total number of «-particles that should be emitted experimentally on
the front side target before filters can be retrieved thanks to simulation
and is up to &1 x 107 a/sr/shot in the pitcher—catcher, and 1.3 x 107
ofsr/shot in direct irradiation. When comparing the results displayed
in this graph normalized to the laser energy, the o-yield per unit of
energy is similar. Thus, it might, indeed, be advantageous to use high
repetition rate for developing a-particle sources. If we have ~1 x 10’
o/shot/sr with 7] on the target, we need about > 1000 shots to reach
similar o-yield obtained with big KJ-class lasers such as LFEX.’
Working at 1 Hz, this will require an accumulation time of ~15min
which is still much shorter than the typical repetition rate of big lasers.
At 10 Hz, which is currently feasible, the accumulation time will be fur-
ther reduced.
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