Laser and Particle Beams

cambridge.org/lpb

Research Article

Cite this article: McNamee A et al. (2025)
Contaminant-free alpha particles signature
from laser-driven proton-boron fusion plasma
using Thomson parabola spectrometer. Laser
and Particle Beams 43, €8, 1-12. https://doi.
org/10.1017/lpb.2025.10005

Received: 11 May 2025
Revised: 20 August 2025
Accepted: 16 September 2025

Keywords:
alpha; diagnostic; fusion; proton-boron

Corresponding author: Aaron McNamee;
Email: amcnamee08@qub.ac.uk

© The Author(s), 2025. Published by
Cambridge University Press. This is an Open
Access article, distributed under the terms of
the Creative Commons Attribution licence
(http://creativecommons.org/licenses/by/4.0),
which permits unrestricted re-use,
distribution and reproduction, provided the
original article is properly cited.

CAMBRIDGE

7 UNIVERSITY PRESS

Contaminant-free alpha particles signature
from laser-driven proton-boron fusion plasma
using Thomson parabola spectrometer

Aaron McNamee!, Vasiliki Kantarelou?, Gagik Nersisyan!, Alessandro Milani?,
Alessandro Maffini®, Davide Orecchia®, Philip Martin?, Massimiliano Sciscio®,
Lorenzo Giuffrida?, Fabrizio Consoli*, Satyabrata Kar!, Daniele Margarone!-?

!Centre For Light-Matter Interactions, Queen’s University Belfast, Belfast, UK; 2ELI Beamlines Facility,
The Extreme Light Infrastructure ERIC, Dolni Brezany, Czech Republic; 3politecnico di Milano, Milan, Italy and
*ENEA Nuclear Department - C. R. Frascati, Via Enrico Fermi 45, Frascati, Italy

Abstract

Accurate discrimination and energy measurement of alpha particles remain a key challenge in
proton boron fusion driven by high-intensity laser-plasma interaction due to the complex mix
of ions generated in these extreme conditions. We present a novel implementation of a high-
accuracy, low-background technique involving a CR-39 enhanced image plate that was used
with a Thomson parabola spectrometer (TPS) and differential filtering. This technique demon-
strated a strong reduction in background contamination arising from plasma ions compared
to standard CR-39 and allowed for the generation of a contaminant-free alpha particle energy
spectrum from a boron foam target irradiated by a 10 J, 800 fs laser pulse with an intensity of
~2 x 10" Wem 2. The laser pulse was from a hybrid Ti:Sapphire-Nd:glass system generated
from the Chirped Pulse Amplification (CPA) mode. The spectrum covered an energy range of
3-8 MeV with a corresponding energy resolution of 0.1-0.5 MeV. The developed filtering tech-
nique has the potential to measure even lower energy ranges, further extending its applicability
compared with existing methods. The differential filtering solution strongly reduces the signal
from carbon ions that would otherwise overlap the alpha particle trace on the TPS, providing a
quasi-contaminant-free signal, while the CR-39 enhanced the detection sensitivity compared
to other detectors.

Introduction

The field of nuclear fusion is experiencing significant momentum, bolstered by billions in pri-
vate sector funding (Refs 34, 48) and continued advances in the field, such as breaking previous
records (Ref 55). The potential of machine learning to further accelerate progress, for instance
by improving plasma containment (Ref 50) or optimising laser pulse temporal profiles (Ref 52),
adds to this outlook. As a result, fusion technology appears poised to hit an inflexion point and
contribute to addressing the climate crisis. With the renewed interest, novel approaches to the
concept are also receiving increased attention beyond the traditional approach of a magnetic
confinement tokamak reactor using a deuterium and tritium fuel (Refs 6, 23, 31). One such
approach is inertial confinement fusion using proton-boron fuel (Ref 30).

While commercialisation of fusion power has not yet been achieved, several challenges asso-
ciated with traditional D-T fusion have already been identified as barriers to deployment. One
major concern is the high neutron production in D-T plasma, where the primary reaction yields
a significant number of neutrons. These neutrons can degrade reactor containment vessel walls
(Ref 38), create radioactive waste, and result in substantial energy loss, as their energy is difficult
to extract for electricity generation (Ref 51). In contrast, aneutronic fuels like proton-boron (p-
11B) offer advantages by producing only a minimal amount of neutrons, around 0.1%(Ref 32)
of the total reactions in the plasma. The p-11B reaction predominantly generates alpha particles,
which are easier to utilise for energy extraction.

Deuterium, as a fuel, is relatively abundant in seawater (Ref 16), making extraction feasi-
ble. However, tritium is more difficult to deal with due to its radioactive nature with a half-life
of 12.3 years (Ref 24) and poses the additional challenge of the majority of global production
relying on nuclear reactor moderator pools (Refs 35, 40). Current global tritium production
is estimated at only 20 kg per year (Ref 39). However, a reactor like DEMO would require
300 grams daily, highlighting the need for alternative solutions (Ref 18). One proposed solu-
tion, the use of a lithium blanket for in-situ tritium production, remains unproven (Ref 43). On
the other hand, boron, required for proton-boron fusion, has a yearly production estimate of
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830,000 tons (Ref 37), making it readily available. Beyond power
generation, proton-boron fusion also holds potential in radioiso-
tope production (Refs 22, 41, 42) and as a medical treatment for
cancer (Ref 8). One example is Proton Boron Capture Therapy
(PBCT), where a targeted proton beam induces localised boron
reactions, releasing high-Let alpha particles for precise tumour
cell destruction (Ref 54). However, a key challenge in laser-driven
p-11B research lies in the accurate discrimination and measure-
ment of alpha particles in an intense and multi-particle species
plasma radiation environment (Ref 10).

Accurate discrimination and measurement of alpha particles in
laser-driven p-11B experiments is crucial for understanding the
reaction dynamics and optimising the fusion process. However,
the complex mix of ions generated in these extreme conditions
poses a significant challenge for traditional diagnostic techniques.
Solid-state nuclear track detectors, such as CR-39, have been widely
used in laser-driven fusion experiments due to their high sensi-
tivity to individual particles and insensitivity to electromagnetic
radiation (Refs 7, 10, 57). CR-39 detectors can provide valuable
information on the spatial distribution and flux of alpha particles,
but they have limitations in terms of energy resolution and particle
discrimination (Ref 10).

To overcome these issues, this paper will focus on a novel
approach of combining CR-39 detectors, a Thomson parabola
spectrometer (TPS) (Ref 53) and foil filters. TPS is a powerful
diagnostic tool that uses parallel electric and magnetic fields to dis-
perse a beam of collimated charged particles based on their energy
and charge-to-mass ratio, producing distinct parabolic traces on
a detector plane (Ref 2). By coupling CR-39 detectors with a TPS
and employing differential filtering techniques with foil filters, we
aim to achieve high-resolution, contaminant-free alpha particle
measurements in laser-driven p-11B experiments.

Differential filters (Ref 45) is a technique that takes advantage
of the stopping power of different particles by layering filters of
different thicknesses on top of each other in such a way as to main-
tain an effective thickness along the entire trace produced on the
TPS that blocks heavy ions that are predicted to hit a given spot
while remaining thin enough to allow alpha particles to penetrate
through. This is crucial due to fully ionised carbon-12, a common
product in laser-plasma experiments, due to hydrocarbon contam-
inants on the target surface, having the same charge-to-mass ratio
as alpha particles and thus overlapping the alpha particles’ trace,
making it difficult to discern the respective contributions to the
signal.

There has been discussion in the past of the different diag-
nostics techniques for alpha particle detection for p-11B fusion,
such as Consoli et al (Ref 10). These explored all the compo-
nents of the technique that is the focus of the paper like TPS,
CR-39 and filters, however, the advantage of them in concert was
not discussed. Instead, the majority of experiments used CR-39
(Refs 5, 13, 15, 47) to detect alpha due to its reliability in harsh
laser-plasma conditions, then supplementing these results with
data from Time of Flight detectors. The first mention of a tech-
nique similar to the one employed in this paper was in 2014 by
Alejo et al (Ref 1), which demonstrated this approach to discrim-
inate laser-accelerated deuterium ions from overlapping heavier
species of ions by using filters of varying thickness along the energy
dispersion axis of the TPS. Papers that used a similar method were
by Kantarelou et al (Ref 21) and Baccou et al (Ref 3), who used
a CR-39 coupled with a TPS to calibrate CR-39 detectors for low-
energy plasma ions in proton-boron fusion experiments. Finally,
recently, Salvadori et al (Ref 45) proposed a concept similar in
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principle to using differential filters with TPS; however, no exper-
imental data were presented, and the concept would not have
acquired some of the information from the alpha particles due to
the filter frame blocking some energies. In this paper, we present
for the first time an experiment that combines these techniques to
obtain a high-resolution, contaminant-free alpha particle signature
from a laser-driven p-11B fusion reaction.

Methods

The experiment used the TARANIS laser at Queen’s University
Belfast. This is a hybrid Ti:Sapphire-Nd:glass system operating in
the Chirped Pulse Amplification (CPA) mode, working at a wave-
length of 1053 nm and a nominal energy of 10 J with an average
pulse length of 800 fs, producing a linearly polarised laser. The laser
had a recorded average energy of 9.3+ 1.6 J during the experiment.
The laser also irradiated targets at an angle of 20°, generating a
stream of multi-species ions of a broad energy spectrum. The laser
was focused onto a focal spot with a full width at half maximum
(FWHM) of 5.1 um with an average intensity of 2 x 10 Wcem ™2
across the FWHM.

The targets used were a boron nitride target (BN), a boron
high-density polyethylene (HDPE) foam target (B+CH) and a
double-layer aluminium polyethylene target (Al+CH) that were all
set up for the single target configuration, wherein the target is com-
posed of a single component (Ref 29). These targets were designed
with an in-target geometry (Ref 26), where the laser irradiation and
the fusion process occur within the same target structure. The BN
target had a thickness of 1.5 mm. The B+CH target was made up
of a 1 mm thick layer of polypropylene to act as a substrate, then
a boron foam layer made up of boron, polyethylene and hydro-
gen. This boron foam layer had a thickness of 60 um, a density of
80 mg/cm’ and a hydrogen content of 2.8 x 102! cm™> or a ratio
of H/B~1.4(Ref 36). Lastly, the AI+CH was a 10 pm thick layer
of polypropylene, then an 11 pm thick layer of aluminium. Both
the BN and B+CH targets were used to produce alpha particles.
Alternatively, the purpose of the Al4+-CH target would be to pro-
duce no alpha particles and could be used to produce a reference
(background) result for the B4-CH target.

To validate alpha particle detection on the novel diagnostic,
three CR-39 detectors were positioned around the target at angles
of 80°, 45° and —44° relative to the target surface normal. The dis-
tances between the CR-39 detectors and the target varied depend-
ing on the interaction chamber operating mode to ensure that
overlapping of pits did not occur, i.e. saturation of the detector did
not occur. For single-shot operation, the detectors were placed at
distances of 450, 500 and 490 mm, respectively. In accumulating-
shot mode, these distances were increased to 640, 700 and 670 mm,
respectively.

The Thomson Parabola Spectrometer (TPS) component of the
novel diagnostic was employed to analyse the ions emitted. The
TPS was placed facing the front exposed surface of the target at
an angle of 60°. with respect to the target normal at a distance of
155 mm. This angle was selected to accommodate the interaction
chamber constraints and optimise ion detection based on prior
observations of high alpha particles but low plasma ions emission
patterns (Refs 13, 27).

The overall experimental configuration, including the target
chamber, diagnostic placements, and key spectrometer dimen-
sions, is illustrated in Figure 1. Specifically, Figure 1(a) provides
a schematic overview of the experimental setup in the interaction
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Figure 1. Diagrams and pictures showing the setup of the experiment with (a) a representative diagram of the TARANIS experimental setup, (b) a diagram of the dimensions
of the Thomson Parabola Spectrometer with the magnetic field outlined in blue and the electric field outlined in purple, (c) a diagram of the filter setup for the CR-39s used
for the Boron HDPE Foam target (d) a diagram of the filter setup for the CR-39s used for the Boron Nitride target and (e) a labelled picture of interaction chamber with the
Thomson Parabola installed along with the image plate and CR-39 in front of that along with a zoomed-in picture showing the CR-39s with the filters used for the Boron
HDPE Foam target (a) Labelled diagram of experimental setup, (b) Thomson parabola diagram, (c) Boron HDPE foam target filter setup, (d) Boron Nitride Target Filter Setup,

(e) Labelled Photo of Experimental Setup.

chamber, while Figure 1(b) details the geometry of the TPS itself.
Laser-driven ions from the target were collimated by a large 600
pum diameter pinhole. This approach was chosen to increase the
number of alpha particles entering the TPS. However, the trade-
off was a reduced energy resolution of the detector. This reduction
was due to the magnification inherent in the pinhole projection,
which resulted in the ions forming a visually observed 1.36 mm
wide trace on the image plate (Ref 53), broadening the detected
energy features. The ions were deflected along the y-axis (corre-
sponding to the vertical axis of the interaction chamber) by the
magnetic field of the TPS according to their energy, following the
equation (1) shown below (Ref 2). The strength of the magnetic
field was initially intended to be calibrated using a Fujifilm image
plate detector to measure the proton trace, which allowed for a

https://doi.org/10.1017/Ipb.2025.10005 Published online by Cambridge University Press

measurement of the magnetic field using the location of the cut-off
point of protons on the 6.5 pm aluminium filter covering the entire
image plate with a predicted energy of 0.57 MeV according to SRIM
simulation (Ref 19). Simultaneously, the electric field of the TPS, on
the other hand, deflected the particles in a perpendicular direction
along the x-axis according to their charge-to-mass ratio with a field
strength of 400 kV/m according to the equation (2) shown below
(Ref 2).
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Figure 2. Graphs showing the energy deposition and penetration depth of particles likely to be produced in a laser-plasma experiment. The target material is aluminium.
Each graph represents a different energy per nucleon, calculated using SRIM. (a) 0.5 MeV per nucleon, (b) 1.5 MeV per nucleon, (c) 2.5 MeV per nucleon.

The meaning of the terms in the equation are as follows, g and
my are the charge and rest mass of the species of ion; v is the par-
ticle’s velocity; Ly and Dy denote the magnetic field length and
drift distance to the detector from the end of the field; Ly and
Ty are the electric field length and drift distance; By and E, are
the magnetic and electric field strengths; and c¢ is the speed of
light.

Although the electric field strength was set to 400 kV/m the
actually measured value was closer to 340 kV/m. This has been
observed in previous experiments (Ref 9) and may be due to field
fringing effects or the electron currents, which arrive before the
positive ions, cancelling out the positive electrode. The TPS is
set up in the interaction chamber and shown photographically
in Figure 1(e) along with the CR-39 with filters on it.

The image plate was enhanced by the addition of the CR-39
component of the novel technique, covering part of the parabola
trace produced, particularly in the region expected to detect the
highest alpha flux. This was based on previous literature (Refs 13,
17, 47) showing a peak alpha particle flux in the 2-7 MeV range for
p-11B fusion. The CR-39 detector was then positioned using the
Thomson parabola equations to specifically intercept this energy
range. The CR-39 used for the TPS was fixed to a separate holder
and then placed flush against the image plate. The image plate was
intended to be covered in a 6.5 pm thick Al foil to limit expo-
sure to ambient light after irradiation. The image plate serves two
important purposes. First, it confirms that a successful shot was
made on the target, indicating that a signal is likely to be detected
on the CR-39. Second, it helps provide a more accurate position-
ing of the CR-39 in relation to the zero point (i.e., undeflected
X-rays generated in the laser-plasma interaction). The shadow
produced by the CR-39 on the image plate can then act as a cal-
ibration, helping determine the energy levels of the pits seen after
etching.

Aluminium was selected as the optimal material for differ-
ential foil filters based on three key criteria. First, it effectively
discriminates between alpha particles and carbon ions via differing
penetration depths at relevant energies, supported by SRIM energy
deposition simulation data in Figure 2. Second, the reliability of
SRIM predictions for aluminium is validated by excellent agree-
ment with experimental data (Ref 19). Third, suitable aluminium
foils are commercially available and cost-effective.

The differential filters used on the CR-39 for the experiment
had nominal values of two thicknesses, 2 ptm and 6.5 pm, provided
by the manufacturer. The manufacturer gave a 30% uncertainty
for the actual thickness of the foils. The foils also, due to how
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thin foils are manufactured, can have a condition called not light
tight. This means that pinholes may be present across the sur-
face of the material, which could be detrimental to the success
of the technique. This was not an issue for this experiment due
to the alpha particle trace (cm) being much wider than the pin-
holes (um), meaning any pinholes present in the path of the trace
would constitute only a small proportion of the area covered,
allowing only a negligible amount of carbon ions through. The
full filter setup, as seen in Figure 1(c), consisted of two CR-39
detectors.

The bottom CR-39 was covered in two nominal 6.5 pm foils
totalling an intended 13 pm for the higher energy particles and the
CR-39 placed above it was to be wrapped in a 6.5 pm foil with a
2 um foil covering the bottom 15 mm for an effective thickness of
8.5 um. This was designed to nearly fully eliminate any carbon sig-
nal across the entire energy spectrum and was used for the B+ CH
target.

This meant that the accuracy of the energy spectrum gener-
ated was largely limited by the accuracy of the TPS setup used
and not the number of filters used, as in traditional CR-39 setups.
According to the TP equation (1) and the assumed strength of
the magnetic field, these energies translated to locations were 6.5
pum for 5 mm, then 8.5 um for 15 mm and finally 13 um for the
remaining available area with the top of the CR-39 intended to be
positioned 71 mm away from the zero point. The position of the
filters, both concerning the CR-39 and the alpha particle trace pro-
duced by the TPS, is important to achieve the desired result and
needs to be tailored for the parameters of the TPS used. The multi-
layer filter configuration, shown in Figure 1(c), was designed for
specific energy ranges.

However, initial analysis of the image plate revealed a signif-
icant positioning error of the CR-39 detector, which was located
8 mm closer to the zero point than intended (63 mm actual vs
71 mm planned). The 8 mm positioning error was caused by the
mechanical instability of the ad-hoc holder for the CR-39 detector.
The setup, which involved attaching the detector via sheet metal
to an optical post, was not rigid. Torque applied during move-
ment into and out of the vacuum chamber caused the sheet metal
to sag, creating the position shift. This was an isolated incident
resulting from an initial design flaw that was later corrected for
the rest of the experiment. This meant the detector was exposed
to higher energy particles than intended for a given filter region.
Due to this fact, this should have allowed all particles to pass
through the filters unimpeded however, a cut-off point for the par-
ticles was observed in the transition between 6.5 pm and 8.5 um
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Table 1. Intended designed filter setup using nominal values for filter thickness
and the associated energy ranges for alpha particle transmission along with the
predicted contaminated energy ranges for alpha particles that would overlap
with carbon ions due to penetration through varying filter thicknesses

Contaminant Contaminated Carbon ions
Filter thickness free «v particles « particles contaminants
(um) (MeV) (MeV) (MeV)
6.5 2.0-2.4 N/A N/A
8.5 2.4-3.4 3.4-4.2 10.1-12.5
13.0 42-5.1 >5.1 >15.3

filters. These factors prompted a direct measurement of the fil-
ter foil. A sheet of the foil from the same batch as the nominal
6.5 pm filter foil used in the proton cut-off region was measured
post-experiment using a micrometer with a resolution of 1 um.
Following a careful procedure involving zeroing, consistent orien-
tation, multiple measurements per location, and averaging across
15 distinct locations to account for surface variations, the measured
thickness was determined to be 10.2 £ 1.7 um. This value is notably
higher than the nominal 6.5 um, exceeding the range implied by the
+30% manufacturer tolerance (6.5 + 2.0 um), although the error
bars show some overlap. This measured discrepancy is potentially
attributable to factors such as foil wrinkling, which increases the
effective thickness.

Using the measured thickness of 10.2 + 1.7 um to calibrate the
magnetic field via the proton cut-off led to inconsistencies when
analysing the additional cut-offs for alpha particles and carbon
ions that were observed further along the trace. Ion trajectory
angles (approximately 17.5° for protons) also increases the effective
thickness by ~5% over the normal thickness.

To resolve these discrepancies and account for potential in-situ
effects like foil wrinkling (a phenomenon visible in Figure 1(e) near
the top of the zoomed-in CR-39), the observed particle cut-offs
were treated as local probes of the effective filter thickness. The
calibration proceeded by assuming the effective thickness at the
proton cut-off was 8.9 um (reflecting the lower bound of the mea-
sured thickness range plus the ~5% angular increase). This value
falls within error overlaps and yields a recalculated magnetic field
strength of 0.76270 0¢5 T.

This calibrated magnetic field, when used in combination with
the observed locations of the alpha and carbon cut-offs, then
implied the effective filter thicknesses in the subsequent regions.
These derived effective thicknesses, representing the base foil and
the 2 pm foil (potentially augmented by wrinkling), were deter-
mined to be, 11.573°3 um (covering the first 5mm section), 13.53°3
um which then increases to 14.313} um further along (covering the
next 15mm section) and 17 + 2.4 um (covering the final region,
corresponding to two layers of the base foil). These derived values
are physically plausible and provide a consistent explanation for all
observed particle cut-offs.

Table 1 shows the designed energy ranges for alpha particle
transmission through each filter thickness (using the nominal val-
ues for the filter thickness), along with the predicted energy ranges
where carbon ion contamination may occur. Table 2 shows the
most probable filter thicknesses based on this in-situ calibration
and the consequences for filtration. The final analysis of the energy
spectra presented in the Results section is based on the values
from Table 2.

To allow for verification of the filters’ effectiveness in eliminat-
ing carbon signals, a partial filter setup was designed for the BN
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Table 2. Best estimate of filter setup that was used in the experiment, accord-
ing to post-experimental measurements and analysis and the associated energy
ranges for alpha particle transmission and predicted contaminated energy
ranges for alpha particles that would overlap with carbon ions. The errors for
all the values are also given

Contaminant Contaminated Carbon ions
Filter Thickness free « particles « particles contaminants
(um) (MeV) (MeV) (MeV)
11.5%23 3.210:4-3.510:3 N/A N/A

13.5724-14.313:9  3.6702-5.4708 547086570  16.3723-19.57%3

17.012:4 N/A >6.8'1) >20.4722

target as shown in Figure 1(d). Particles produced by the laser-BN
target interaction were then measured using both filtered (13 um
Al foil) and unfiltered CR-39 detectors on the TPS. Table 1 shows
the designed energy ranges for alpha particle transmission through
each filter thickness, along with the predicted energy ranges where
carbon ion contamination may occur.

The irradiated CR-39 was then etched using a 10 mole per litre
concentration solution of NaOH at a temperature of 70° C for one
hour so that countable ion pits were observed. The first visible
Z/A = 0.5 (charge to mass ratio) ion trace was observed from the
B+CH target when the two CR-39s dedicated to that target were
etched. The next visible Z/A = 0.5 ion trace was observed from
the CR-39s dedicated to the BN target when those were etched.

Figure 3, which presents the raw visual data, shows a typical
Z/A = 0.5 ion trace visible after etching a CR-39 (in this particu-
lar case, from a B4+-CH target). The CR-39 was then imaged using
a microscope with a scale of 2.27 pixels/um. A complete scan was
then made of the Z/A = 0.5 ion trace that appeared in the pre-
dicted location of the alpha particles (which have Z/A = 0.5),
based on the proton trace seen in Figure 3. Then, the resulting
images were analysed using Image] (Ref 46) to count the number of
pits with the total trace measured in slices of 700 pm. This process
was repeated for the CR-39 exposed to the Al4+-CH reference target;
however, no visible alpha particle trace was observed, as expected
since the target did not contain B atoms.

Results

The first measurement was on a target of 6.5 um thick aluminium
with a layer of polyethylene deposited on top (Al4+CH) with two
laser shots accumulated. This had the same filter setup as the
B+CH target however no alpha particles should be produced in
this interaction, due to a lack of boron to initiate the p-11B reac-
tion, meaning that any pits that are measured of similar size to the
B+CH CR-39 are not from alpha particles and should be consid-
ered as background in the cases of targets containing boron. This
can be argued to be the case due to the CH part of the Al4-CH tar-
get, which produces the primary contaminant being investigated,
carbon ions. The usage of this target for the estimation of such a
background can be seen in Figure 4(a), which shows the energy
spectra that would be produced if alpha particles caused these pits.
The average ratio of signal to background, comparing the signal
from B+CH against the background at the same energy, was 170.
This was calculated by dividing the B4+CH signal by the Al4+CH
background at each energy data point and then averaging these
ratios across the entire spectrum. This ratio, being orders of mag-
nitude higher, indicates a high significance for the results discussed
in this work.
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Figure 3. Image plate scan for the Boron HDPE Foam target with the associated
CR-39 overlayed on top. The proton trace is predicted in red and the alpha trace is
predicted in green. The dark shadow underneath the proton trace is the proton
experimental signal. A zoomed-in image of the CR-39 showing the alpha trace on
the CR-39. A second zoomed-in image shows a close-up of the transition of filters
and the individual pits.

The second measurement was performed on a B+CH target
with a single laser shot. Figure 3 shows the image plate with the
predicted traces for protons (red) and alpha particles (green) and
includes a superimposed CR-39 photo with the visible ion trace
outlined in black. The proton trace seen on the image plate did not
follow the parabolic shape predicted by the TPS equations. This
was because the lower energy protons were deflected by the mag-
netic field to such a degree along the y-axis that instead of exiting
the side of the electric plate, they exited the top, meaning that they
experienced a lower effective length of the electric field and thus
were deflected less along the x-axis. This effect was determined by
the distance in the y-axis between the pinhole and the top of the
electric plate, which was found to be 47 mm. The size of the zero
point spot size on the image plate is determined by three factors.
The distance between the pinhole and the detector plate is divided
by the distance from the target to the pinhole to get the magnifica-
tion. This is multiplied by the last factor, the pinhole size, to get the
zero point size. This is also the reason behind the fainter section
at the end of the proton trace. The protons appear deflected by an
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Figure 4. Alpha particle energy spectra and particle cut-off analysis. (a) Alpha
particle energy spectra for both targets with the energy regions each filter covers
labelled and a comparable background signal for the Boron HDPE Foam target
using an Al target. The edges for the energy region for the boron nitride target,
where the signal is below the typical background signal, are outlined using dashed
lines. The shaded band on both spectra corresponds to the error of the energy
spectrum, taking into account statistical errors, (b) The labelled locations of the
three particle cut-offs observed (protons, alpha particles and carbon ions) are
indicated by red lines. The identity and energy of the particles at the cut-off points
are given, as well as the required aluminium thicknesses necessary to filter out
lower energy particles. (a) Calculated alpha particle energy spectra for all targets,
(b) Locations of particle cut-offs on the Boron HDPE Foam target along with both
the energy of the particles at the cut-offs as well as the effective filter thickness.

extra 1.36 mm than expected because we detect only the one tail
end of the Gaussian energy distribution for these particles, as the
lower energy particles are blocked by the filter and do not overlap
the signals.

The alpha particle origin of the signal is confirmed by four
pieces of evidence. First, for the energy spectrum produced, three
peaks can be seen in Figure 4(a) for the B+CH target, one around
3.3 MeV, the second around 3.9 MeV and the final one around 7.5
MeV. This pattern is roughly seen in other works (Refs 13, 15, 17,
26, 47), attempting to measure the energy spectrum of alpha parti-
cles from p-11B fusion, with (Ref 47) having a very similar pattern.
Primarily, the region for the 3.3 and 3.9 MeV peaks appears to have
been consistently measured.

These features are thus required to be intrinsic characteristics of
the data for alpha particles to be responsible and not experimental
artefacts. The observed dip between the 3.3 and 3.9 MeV peaks is
unlikely to be solely caused by the partial transmission through the
filter due to the transition from the 11.5 um filter to the 13.5 um
filter. This is because most of the dip is far enough away from the
transition for it to solely be caused by edge effects. They are also far
enough apart to be distinguishable from each other, according to
the resolution at that part (0.2 MeV). The effect of the filter was not
removed from the energy spectra in Figure 4(a).

The second reason is based on similar experiments conducted
in the past (Refs 14, 49, 56) in the same laser acceleration regime,
known as Target Normal Sheath Acceleration (TNSA). In this
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Figure 5. The proton energy spectra from the shot using the B+CH target measured using the proton trace seen on the image plate as shown in Figure 3.
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Figure 6. Graphs showing the gradual appearance and growth of a distinct carbon peak in the pit area distributions across a range of energies from the B+CH target
filtered using 14.3 ym Al: (a) 5.4 MeV He, (b) 5.6 MeV He and 16.8 MeV C, (c) 5.8 MeV He and 17.4 MeV C, (d) 6.0 MeV He and 17.9 MeV C, (e) 6.2 MeV He and 18.5 MeV C, (f) 6.4

MeV He and 19.1 MeV C.

regime, the maximum energy per nucleon acquired by ions from
the same accelerating potential scales with their charge-to-mass
ratio. Therefore, since carbon ions have half the charge-to-mass
ratio of protons, their maximum per-nucleon energy is ~50% of
a protons.

Usually, this is even lower due to the presence of protons, pro-
ducing a charge-screening effect (Ref 25) and reducing the impact
the electric fields have on accelerating the carbon ions. For the
B+CH target, Figure 5 displays the proton spectrum for that shot,
with the highest detected energy being 3.0 MeV. This was con-
structed using the proton trace seen on the image plate scan for
that shot, as seen in Figure 3. The intensity of this trace was then
converted to the proton count using a known calibration for image
plate scans. This would indicate a maximum per nucleon energy of
~1.5 MeV for the carbon ions which is supported by the appear-
ance of a second peak which is seen in Figure 6(b) which appears
at an energy of 1.4 MeV/nucleon which is above what is capable
of passing through the filter and is last seen at 1.6 MeV/nucleon.
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Identifying this secondary peak as carbon is important because
it eliminates the most likely cause of the primary peak seen in
Figure 6(b) other than alpha particles.

The third piece of evidence for alpha particle identification
comes from comparing filtered and unfiltered CR-39 from the BN
target. This can be seen in Figure 7, which shows pit area distri-
butions of different regions across the two targets along with an
associated picture. This is done to compare the effect the filters
have on the pit size distribution, which should be comparable to
the B4+CH target due to containing B atoms, which should also
produce alpha particles from the p-11B reaction. The filters that
are present on the BN target are also in a similar position and have
the same thickness as those on the B4+-CH target. The unfiltered
CR-39 exposed to the BN target, shown in Figure 7(d), displays
multiple peaks in the size distribution, indicating the presence of
various ion species, including carbon. However, when examining
the filtered CR-39 in Figure 7(c), only a single peak remains. This
shows the effectiveness of the filters to remove various ion species,
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Figure 7. Graphs showing the pit area distribution on the CR-39s smoothed out with a moving average of 5 points and overlaid with a Gaussian curve fitted against the raw
data. (a) and (e) displays information on the 13.5-14.3 pm filtered pits seen from the Boron HDPE Foam target at an alpha energy of 4.8 MeV where a prominent, easily
defined peak is seen, (b) and (f) displays information on the 17 pm filtered pits seen at alpha energy 8.3 MeV from a Boron HDPE Foam target, (c) and (g) displays information
on the 17 pm filtered pits seen at alpha energy 9.3 MeV from a Boron Nitride target and (d) and (h) displays information on the non-filtered pits seen at alpha energy 5.5
MeV from a Boron Nitride target that has multiple peaks from different ion species: (a) Pit area distribution: 4.8 MeV He from filtered B+CH, (b) Pit area distribution: 8.3 MeV
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B+CH: 4.8 MeV He, (f) Pits from filtered B+CH: 8.3 MeV He, (g) Pits from filtered BN: 9.3 MeV He, (h) Pits from non-filtered BN: 5.5 MeV He and 16.6 MeV C.
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Figure 8. Graph showing the pattern in alpha particle track diameters in CR-39 against incident alpha particle energy at the CR-39 surface, measured using filters of varying
thickness (11.5, 13.5-14.3, 17.0 uym). Tracks were produced by etching in 10 mole/L NaOH solution for 1 hour, with initial source energies measured using the TPS and then

adjusted to account for energy loss through the filters.

leaving only one ion species (alpha particles) to penetrate through.
This surviving peak must correspond to an ion species lighter than
that which was filtered out. This peak can be compared to the peak
of similar energy in the same filter region on the CR-39 from the
B+CH target seen in Figure 7(b).

The surviving peak (shown in green) is transmitted through
the 13.5-14.3 pm filter at energies as low as 0.9 MeV/nucleon,
while a separate peak (shown in red in Figure 6(b)) only appears at
1.4 MeV/nucleon. Given that boron and carbon ions have similar
penetration depths (as demonstrated in Figure 2), if the green
peak represented boron ions, we would expect to see the carbon
peak (red) at substantially lower energies. The observed energy gap
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between these peaks is consistent with the difference in penetration
depths between alpha particles and heavier ions (boron/carbon),
strongly suggesting that alpha particles are responsible for the
green peak.

Finally, the relationship observed between the alpha particle
pit size on the CR-39 and the particle’s energy is consistent with
previous CR-39 calibration studies (Refs 4, 44, 58). Figure 8 plots
the diameter of the pits against the energy of the alpha particles
after they passed through the filters and struck the CR-39 surface.
This final energy was calculated using the known filter thicknesses
to determine the energy lost by the particles. Each data point in
Figure 8 corresponds to a specific segment of the alpha particle
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trace. The points are divided into three categories based on the fil-
ter used for that segment. These calibration studies (Refs 4, 44, 58)
typically show that alpha particle pit sizes peak at energies around
3-4 MeV before decreasing. This differs from carbon ions, which
generally produce larger pits at higher energies.

The energy resolution for the TPS can be calculated using
equation (3) shown below (Ref 20):

AE  2Ax
TS ®

where AE is the energy resolution, E is the particle’s energy, Ax is
the zero point spot size on the image plate (1.36 mm radius), and x
is the deflection along the magnetic axis. Using this, the resolution
at 3.0 MeV for the boron HDPE foam target can be calculated to
be £0.1 MeV and at 8.0 MeV it is 0.6 MeV.

The third measurement was on a BN target fired upon with
two laser shots accumulated on it. The filters used were different
from the previous set of results, with no filters used in the first
20 mm of CR-39 and then 17 um Al used for the next 20 mm.
Higher alpha particle energies were seen in Figure 4(a) for the BN
target compared to the B4+CH target and could be explained by the
production of higher energy protons with a relative deficit of the
lower energy protons produced to pair with the low energy reaction
cross-section peaks for the p-11B reaction.

This set of results combines the more traditional CR-39 method
and the novel technique described in this paper. This allows for
the demonstration of the clear distinction and measurement of
alpha particles that are possible with the removal of the various
contaminants found, such as carbon ions as shown in Figure 7(c)
and (d).

For the primary B4-CH target, approximately 40,000 pits were
observed, which translates to an alpha yield of 3.4 + 0.1 x 10° par-
ticles/sr. For the BN target, ~25,000 pits (accumulated over two
shots) correspond to a yield of 1.04 + 0.02 x 10° particles/sr. The
background, measured with the Al4+CH target, was 1.01 4- 0.03 X
108 particles/sr. This results in signal-to-noise ratios of approxi-
mately 34 for the B+CH target and a much lower ratio of about
10 for the BN target.

Conclusions

In this work, we have demonstrated a novel approach to dis-
criminate and measure, for the first time, alpha particles in laser-
driven proton-boron fusion experiments using a CR-39 enhanced
Thomson parabola spectrometer (TPS) coupled with differential
filtering. This technique eliminated background contamination
from plasma ions across a large proportion of the measured energy
spectrum. In particular, carbon ions were removed, which typically
overlap with the alpha particle trace on the TPS. By employing
aluminium foils of varying thicknesses (11.5, 13.5-14.3 and 17
pm) along the energy dispersion axis of the TPS, we were able to
generate a quasi-contaminant-free alpha particle energy spectrum,
following careful post-hoc calibration, for a foam boron target. The
spectrum covered an energy range of 3-8 MeV with two types of
errors that affected the energy levels in different ways. The first is
the energy resolution of 0.1 MeV at 3.0 MeV up to £0.5 MeV at
8.0 MeV between data points. This type affected the ability to dis-
tinguish features in the energy spectrum. The second error type
is due to the magnetic field intensity accuracies, which caused
errors of 3.0°0s MeV and 8.071-3 MeV. This error type affected how
much the entire energy spectrum was stretched and shifted in one
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direction in the TP spectrometer. The combined error for a given
energy point was 3.070s MeV at one end and 8.0 MeV at the
other.

The results obtained from the boron nitride (BN) and boron
HDPE foam (B+CH) targets demonstrated the effectiveness of
the differential filtering method in eliminating the contribution of
carbon ions to the alpha particle signal. The aluminium polyethy-
lene (Al+CH) reference target, which was not expected to produce
alpha particles, served as a control to validate the technique as
well as determine the signal-to-noise ratio of the measured result.
The enhanced detection sensitivity provided by the CR-39 detec-
tor, compared to a conventional image plate, is another significant
advantage of this technique. Due to the high energy resolution
of this method, fine spectral features in the alpha particle mea-
surements can be detected. This could return key information that
allows for the kinematics of pB fusion to be reconstructed. This
novel approach has the potential to measure even lower energy
ranges of alpha particles, further extending its applicability in laser-
driven fusion experiments, dependent on the availability of filters
that must be both extremely thin and manufactured with tight
thickness tolerances.

Crucially important to the practical application of this diag-
nostic is ensuring a low error in the thickness of the filters used.
Particularly for lower-energy particles, such as 2 MeV alpha par-
ticles, the difference in penetration for alpha particles and other
plasma ions can be as little as 1 um. Thus, future research should
use filters with a better tolerance on their thickness than is more
commercially available. A smooth, flat fit against whatever surface
the filter is placed against must also be guaranteed.

A larger detected energy range of alpha particles should also be
possible by placing an additional CR-39 for even lower energies.
A better balancing act should also be made between the y- and x-
axis errors of the energy spectrum by decreasing the pinhole size
to reduce the energy error, as the particle flux error or y-axis error
was unnecessarily small. Every effort should be made to reduce
the distance between the TPS and the target, since a smaller pin-
hole size reduces the number of alpha particles passing through,
making detection more difficult on the CR-39 and increasing the
y-axis error. These issues can be mitigated by ensuring a large solid
angle for the diagnostic. A small solid angle could also be more
susceptible to particle flux variations when attempting to calculate
the yield of the source target. For a more accurate estimation of the
overall flux, detectors with a large sensitive area can be used, such
as bare CR39, used in similar conditions (Ref 33).

The ability to fully utilise this technique to optimise the laser
parameters to increase alpha production is limited by the long anal-
ysis period required for CR-39. A better version of the technique
would be to replace both the image plate and CR-39 with a time
of flight (TOF) detector array (Ref 28). If a sufficiently high elec-
tric field is used to separate the proton and alpha and the TOF
is placed accurately with differential filters known to a high accu-
racy of thickness, then it is possible to obtain a pure alpha signal
with the ability to create the alpha energy spectrum for each laser
shots, even those with high rep rates in the kHz regime. If enhanced
by using a Timepix detector (Ref 12), to differentiate the signal
along the y-axis of the TPS, this could also provide an indepen-
dent measurement of the energy level of the alpha particles. This
would allow for the fine attunement of laser parameters such as
focus, pulse length and energy to obtain the highest alpha produc-
tion rate. However, the detector should be properly shielded from
electromagnetic pulses (EMP) (Ref 11) and getting the correct bal-
ance between placing it near the target to have a high number of
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alpha particles detected for the y-axis error and moving it further
away to have a low energy level error in the x-axis.

In conclusion, the proposed CR-39 enhanced TPS with differen-
tial filtering has proven to be a powerful diagnostic tool for accurate
discrimination and measurement of alpha particles in laser-driven
proton-boron fusion experiments. This technique opens up new
possibilities for understanding the reaction dynamics and optimis-
ing the fusion process, which is crucial for the development of
laser-plasma schemes for energy production.
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