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The topic of proton-boron fusion has recently attracted considerable interest in the scientific community, both for its future
perspectives for energy production and for nearer-term possibilities to realize high-brightness a-particle sources. Very interesting
experimental results have been obtained, in particular in laser-driven experiments but also using other experimental approaches.
The goal of this special issue is to collect the most recent developments in experiments, theory, advanced targetry, diagnostics, and

numerical simulation codes.

Fusion energy represents the most promising scientific and
technology option for a long-term sustainable energy so-
lution for mankind. It will also help meet the decarbon-
ization targets for the second half of the century. The
conventional route to fusion for power generation is based
on the deuterium-tritium (DT) reaction, which yields one
a-particle and one neutron and releases a total energy of
17.6 MeV. Worldwide research focuses on magnetic or in-
ertial confinement of DT fuel. These approaches show the
highest potential to demonstrate net energy gain, due also to
the fact that DT fuel has the highest thermal reactivity among
all possible fusion fuels at relatively low temperatures.
Significant progress continues being made in both magnetic
and inertial DT fusion. In August 2021, 1.3 MJ of fusion
energy was obtained at the National Ignition Facility in the
U.S. by irradiating a DT capsule with 1.8 MJ of laser energy,
a result very close to breakeven [1-3]. Later, in December
2022, the laser energy was increased to 2.1 M] allowing to
obtain 3 MJ of fusion energy [4]. This corresponds to a gain
of 1.5: the first result in history beyond breakeven and the
first to demonstrate net energy gain. On the side of magnetic
confinement fusion, in December 2021, a total fusion energy
of 59 M] was obtained at the tokamak JET (Joint European
Torus) based in Culham, UK, more than doubling JET’s 1997
record [5].

While DT fusion appears to be the most scientifically
mature approach to build a fusion power plant by mid-
century [6], it also faces severe physics and engineering
challenges which are very likely to increase costs, com-
plicate regulations, and hinder public acceptance and
economic viability. We recall, here, tritium’s initial avail-
ability (production), breeding, and on-site management, as
well as the radiation damage and activation induced by the
high-energy neutrons in reactor materials. These challenges
motivate the continued pursuit of alternative approaches
which may simplify the pathway to commercial fusion
energy.

Proton-boron (pB) fusion has long been seen as the holy
grail of fusion energy [7]. Indeed, the reaction
(p+'"B—3a+8.7Mev) does not produce neutrons. Al-
though some neutrons are produced by secondary reactions,
the total neutron yield remains negligible with respect to
future fusion reactors based on DT reaction or to power
plants using nuclear fission of uranium. This implies little
activation of materials and hence a very low amount of
radioactive waste. In addition, the reaction involves only
abundant and stable isotopes in the reactants, avoiding
breeding, radiation protection, and security issues related to
trititum. This makes pB fusion a clean and environmentally
acceptable technology. Furthermore, the reaction produces
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only charged particles (3a-particles per fusion event), with
the potential advantage of allowing direct energy conversion,
without passing through a thermodynamic cycle. This might
dramatically enhance the efficiency of electricity generation.

However, the hydrogen-boron fusion plasma requires
unpractical temperatures to be thermodynamically ignited
and sustained in the laboratory, which explains why pB
fusion has been left, from a historical perspective, as a future
step after the achievement of DT fusion.

Following the discovery of the laser in the 1960s,
Heinrich Hora, now Emeritus Professor at the University of
New South Wales, pursued an alternative means to realize
the proton-boron fusion reaction from the 1970s [8].

Hora’s work included computer hydrodynamic simula-
tions applied to plasmas [7] which suggested that the accel-
eration of a plasma front irradiated by a short-pulse (100 ps)
laser pulse could reach extremely high values, potentially
enough to achieve energies required for fusion. This finding
was practically simultaneous to the discovery of chirped pulse
laser amplification and the modern understanding of laser ion
acceleration mechanisms. A more complete summary of this
history is given in [10].

In the last decade, several experiments demonstrated
high yields in a-particle production [11-14], thus reviving
the interest in pB fusion amongst many research groups and
also bringing to the creation of private companies working
on the topic, as it is the case of the company HB11 Energy
Holdings (Sydney, Australia) founded by Prof Hora
himself [15].

These experiments used high-energy short-pulse lasers
and produced up to 10" a-particles per shot [16, 17] and
additionally provided the evidence of a few-MeV boost in
their kinetic energy, an effect allowed by the kinematics of
the fusion reaction [18]. Indeed, these lasers can produce
highly energetic protons that can directly transfer part of
their energy to the reaction products. This opens the pos-
sibility of inducing reactions which are useful, for instance,
to produce radioisotopes for medical therapeutics or
imaging.

Although interesting, all current results remain far from
energy breakeven, which corresponds to about 2 x10"a-
particles generated per shot per kJ laser energy. Achieving
breakeven and gain might rely on the possibility of departing
from the thermal equilibrium of classical inertial confine-
ment schemes and initiating a fusion avalanche (or chain)
reaction [19].

Following these latest developments, this special issue
aims at collating original research and review articles with
a focus on the mechanism of pB fusion in laser-produced
plasmas, the possible implications for future energy pro-
duction, and the possibility of developing high-brightness
a-particle sources for applications such as the production of
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medical radioisotopes. The special issue is composed of
a balanced selection of articles, encompassing a broad
spectrum of topics, including in particular

(i) Recent results in laser-driven proton-boron fusion
experiments

(ii) The onset of avalanche processes in H-''B fuel and
the quest for breakeven

(iii) Measurements of cross section of the proton-boron
fusion reaction

(iv) Developments in diagnostics for proton-boron
fusion experiments

(v) Hybrid approaches (thermal/nonthermal) to pro-
ton-boron fusion for energy production

(vi) Proton-boron fusion in nonlaser systems (e.g.,
vacuum discharges)

(vii) Advanced targetry for laser-driven proton-boron
experiments.

It is worth noticing how wide is the geographical dis-
tribution of the contributors to this special issue (Europe,
US, China, Australia, and Russia), which shows how now-
adays pB fusion is an active research topic spreading
worldwide.

This special issue was inspired by a series of on-line
seminars (2021-2022) [20] promoted by HBII energy to
map the state of the art of pB fusion research. Some of the
articles refer to work presented in that series of seminars.

We shall emphasize that the results reported in the
special issue and elsewhere in the last two decades are not
part of a coordinated research program. Unlike fusion
studies based on DT, pB fusion research remains the ini-
tiative of single research groups mainly based in university
and academia. We hope that our editorial initiative will
establish a foundation for the systematic investigation of
possible ignition schemes by consolidating research efforts
in laser-driven pB fusion to date. We also hope that it will
help building and strengthening the cooperation in the field
as it evolves.

Looking forward, a European Union COST program has
been granted to support the development of the community
studying proton-boron fusion: PROBONO (CA21128-pro-
ton-boron nuclear fusion: from energy production to
medical applications) [21]. This program represents the first
attempt to coordinate the research effort across European
countries (and several extra-European partners) on pB re-
search. We also call for additional and more systematic
support in terms of funding opportunities (both public and
private) and policy recognition in order to further develop
this research field and the related international cooperation
in the near future.



Laser and Particle Beams

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

We conclude by warmly thanking all the authors for con-
tributing their work to this special issue and HB11 Energy
for supporting the publication of the issue through a fi-
nancial contribution to the publication charges. We also
acknowledge the contributions from many research groups
taking part in the COST Action PROBONO (CA21128-
proton-boron nuclear fusion: from energy production to
medical applications).

Dimitri Batani
Daniele Margarone
Fabio Belloni

References

[1] H. Abu-Shawareb, R. Acree, P. Adams et al., “Lawson cri-
terion for ignition exceeded in an inertial fusion experiment,”
Physical Review Letters, vol. 129, no. 7, Article ID 075001,
2022.

[2] A. B. Zylstra, A. L. Kritcher, O. A. Hurricane et al.,, “Ex-
perimental achievement and signatures of ignition at the
national ignition facility,” Physical Review E - Statistical
Physics, Plasmas, Fluids, and Related Interdisciplinary Topics,
vol. 106, no. 2, Article ID 025202, 2022.

[3] A. L. Kritcher, A. B. Zylstra, D. A. Callahan et al., “Design of
an inertial fusion experiment exceeding the Lawson criterion
for ignition,” Physical Review E - Statistical Physics, Plasmas,
Fluids, and Related Interdisciplinary Topics, vol. 106, no. 2,
Article ID 025201, 2022.

[4] “See for instance “National Ignition Facility demonstrates net
fusion energy gain,” 2023, https://physicsworld.com.

[5] Iter, “Jet makes history, again,” 2022, https://www.iter.org/
newsline/-/3722.

[6] A.]. Donné, “Roadmap towards fusion electricity (editorial),”
Journal of Fusion Energy, vol. 38, no. 5-6, pp. 503-505, 2019.

[7] M. George, J. Herbert Berk, R. McNally Jr., and C. Bogdan,
“Discussion of report of the aneutronic fusion committee of
the national academy of science’s Air Force Studies Board,”
Nuclear Instruments and Methods in Physics Research Section
A, vol. 271, no. 1, pp. 217-221, 1988.

[8] H. Hora, “Increased nuclear energy yields from the fast im-
plosion of cold shells driven by nonlinear laser plasma in-
teractions,” Soviet Journal of Quantum Electronics, vol. 6,
no. 2, pp. 154-159, 1976.

[9] H. Hora, The Nonlinear Force of Electrodynamic Laser-Plasma
Interaction in Laser Interaction and Related Plasma Phe-
nomena, H. J. Schwarz and H. Hora, Eds., Springer, Boston,
M, USA, 1977.

[10] H. Hora, “Fighting Climatic Change by NASEM with Help of
Non-thermal Optical Laser Pressure,” Journal of Energy and
Power Engineering, vol. 15, pp. 163-168, 2021.

[11] A. Picciotto, D. Margarone, A. Velyhan et al., “Boron-proton
nuclear-fusion enhancement induced in boron-doped silicon
targets by low-contrast pulsed laser,” Physical Review X, vol. 4,
no. 3, Article ID 031030, 2014.

[12] D. Margarone, A. Picciotto, A. Velyhan et al., “Advanced
scheme for high-yield laser driven nuclear reactions,” Plasma

Physics and Controlled Fusion, vol. 57, no. 1, Article ID
014030, 2015.

[13] C. Labaune, C. Baccou, S. Depierreux et al., “Fusion reactions
initiated by laser-accelerated particle beams in a laser-
produced plasma,” Nature Communications, vol. 4, no. 1,
p. 2506, 2013.

[14] C. Baccou, S. Depierreux, V. Yahia et al., “New scheme to
produce aneutronic fusion reactions by laser- accelerated
ions,” Laser and Particle Beams, vol. 33, no. 1, pp. 117-122,
2015.

[15] Hb11 Energy, “Clean, safe, reliable and unlimited energy,”
2023, https://hbl1.energy.

[16] L. Giuffrida, F. Belloni, D. Margarone et al., “High-current
stream of energetic « particles from laser-driven proton-
boron fusion,” Physical Review E, vol. 101, no. 1, Article ID
013204, 2020.

[17] D. Margarone, A. Morace, J. Bonvalet et al., “Generation of
a-particle beams with a multi-kJ, peta-watt class laser system,”
Frontiers in Physics, vol. 8, p. 343, 2020.

[18] J. Bonvalet, P. H. Nicolai, D. Raffestin et al., “Energetic
a-particle sources produced through proton-boron reactions
by high-energy high-intensity laser beams,” Physical Review,
vol. 103, no. 5-1, Article ID 053202, 2021.

[19] F. Belloni, “Multiplication processes in high-density H-11B
fusion fuel,” Laser and Particle Beams, vol. 2022, Article ID
3952779, 9 pages, 2022.

[20] Hb11 Energy, “Seminars,”
seminars/.

[21] “TheAction is coordinated by Katarzyna Batani from IPPLM
Warsaw (for contacts: katarzyna.batani@ifpilm.pl),” 2022,
https://www.cost.eu/actions/CA21128/.

2022, https://hbll.energy/


https://physicsworld.com
https://www.iter.org/newsline/-/3722
https://www.iter.org/newsline/-/3722
https://hb11.energy
https://hb11.energy/seminars/
https://hb11.energy/seminars/
https://www.cost.eu/actions/CA21128/

Hindawi

Laser and Particle Beams

Volume 2023, Article ID 7831712, 12 pages
https://doi.org/10.1155/2023/7831712

Research Article

CAMBRIDGE
UNIVERSITY PRESS

Univocal Discrimination of « Particles Produced by ''B(p, a)2«
Fusions in Laser-Matter Experiments by Advanced

Thomson Spectrometry

Martina Salvadori®,! Massimiliano Sciscioé ©,! Giorgio Di Giorgio,1 Mattia Cipriani !
Pier Luigi Andreoli,’ Giuseppe Cristofari,' Riccardo De Angelis ,! Danilo Giulietti,’

and Fabrizio Consoli ®’

'ENEA, Fusion and Technology for Nuclear Safety and Security Department, C.R. Frascati, Rome, Italy

2University of Pisa, Physics Department E. Fermi, Pisa, Italy

Correspondence should be addressed to Martina Salvadori; martina.salvadori90@gmail.com

Received 25 July 2022; Revised 23 December 2022; Accepted 7 April 2023; Published 8 June 2023

Academic Editor: Daniele Margarone

1. Introduction

Copyright © 2023 Martina Salvadori et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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The energy problem is an open issue becoming increasingly pressing. The possibility to use nuclear fusion as an alternative energy
source is thus acquiring progressively more importance and many investors are pushing to achieve the goal of an electric plant
based on fusion. The most studied reaction is the deuterium-tritium one, but this poses several technical issues related to the
handling of the radioactive fuel and neutron generation. In this frame, the aneutronic UB(p, «)2a fusion reaction has attracted the
interest of many researchers. Despite a fusion reactor based on pB is still a long-term goal, the study of this reaction is important
both for astrophysics research and for its possible employment in schemes of high brightness source of « particles for applications,
as for instance in medicine. Nevertheless, the univocal identification of the produced alphas is a well-known challenging task when
the reaction is triggered by high-intensity lasers. Indeed, due to the multifaceted emission typical of laser-matter interactions, the
signal coming from alphas is often superimposed to that generated by protons and by other ions, and in many cases, it is therefore
hardly recognizable. In this work, we analysed the possibility of employing a Thomson spectrometer (TS) with an adequate
differential filtering system for the exclusion from the a-particle trace, the contribution of all other ionic species. Moreover, for the
energy ranges where the filtering method cannot be successfully applied, we investigated the feasibility of integrating in the TS
assembly a particle detector for time-of-flight (TOF) measurements.

research [6] and for its possible employment as high
brightness source of « particles for important applications,

The aneutronic fusion reaction based on the synthesis of
a proton with a Boron-11 nucleus [1-3] has attracted the
interest of both researchers and investors [4, 5]. Indeed,
despite the lower cross section, the ''B(p, a)2a fusion re-
action presents some non-negligible advantages with respect
to the more studied deuterium-tritium one, such as the
abundance of the reactant, the use of nonradioactive fuel,
and the lack of neutrons as products. Even though fusion
reactors based on p+''B reaction are still a long-term goal,
the study of this process is relevant both for astrophysics

such as medicine [7, 8]. To trigger the reaction, two main
schemes involving high energy and intensity lasers have
been studied: the “in target” scheme [2, 9-13], where a high-
intensity laser pulse is focused on an hydrogenated boron
target, and the “pitcher-catcher” scheme, where a beam of
laser-accelerated protons is directed onto a boron target or
a preformed boron plasma [14-18]. Both geometries showed
a progressive increment in the yield of p+''B fusion re-
actions along the experiments that were carried out during
the last years [2, 10, 11, 14]. Nevertheless, aiming at further
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progresses in this field, the understanding of the process
needs to be deepened. To pursuit this objective, a detailed
characterization of the laser-matter interaction and of the
fusion products must be achieved. Given the environment in
which these experiments are conducted, the latter is any-
thing but a simple task [19]. Indeed, along with the fusion
reactions, several other processes are triggered inducing
electromagnetic ionizing radiation spanning over a broad
spectrum, particle radiation, and radiofrequency-microwave
emission [20-22]. Hence, a non-negligible background is
produced, hindering the detection of the fusion products
characterized by a low yield. Moreover, the emitted elec-
tromagnetic pulses (EMPs) in the radiofrequency-
microwave regime can lead to the malfunctioning of
some of the deployed diagnostic systems, especially when
located near the interaction point [21, 23].

The diagnostic techniques commonly used in this field
are solid state nuclear track detectors (SSNTDs) [24, 25],
time-of-flight method [26] and Thomson spectrometers
[27]. Each of these presents some specific advantages and
drawbacks for this context [19].

In the SSNTD, the impinging radiation damages the film
in localized spots and an etching procedure is used to reveal
the tracks. A detailed analysis of the track characteristics
allows to infer information on the impinging radiation
[18, 28, 29]. However, the background due to the detection of
all other emitted radiation produced during the laser-matter
interaction hinders the effective discrimination of « parti-
cles. Thus, the film is usually covered by a thin plastic or
metal foil to cut the contribution of low energy and heavy
ions while allowing for a-particle detection. Nevertheless,
protons are more penetrant than alphas; hence, the presence
of the filter does not cut their contribution from the
signal [19].

The time-of-flight technique is an efficient way to obtain
information on the energy of the detected particles once
their type is known. Its working principle relies on the
measurement of the time needed by the particle to travel
through a known distance, i.e., from the source to the de-
tector. The arrival time of the particle must be detected
together with the reference of the laser-matter interaction
time, which is usually retrieved by the detection of the
emitted UV and X-rays. The main issue in this kind of
diagnostic system is the simultaneous detection of alphas
and other ions. As for SSNTD, the contribution coming
from low energy and heavier ions can be cut by the em-
ployment of filters of proper material and thickness.
However, also in this case, the use of filters is not effective in
excluding the proton contribution [19].

The discrimination of particles having different mass-to-
charge ratios can be achieved by employing Thomson
spectrometers. These devices exploit the action of parallel
electric and magnetic fields, both orthogonal to the direction
of propagation of the incoming charged particles. As a result,
particles reaching the detector plane leave different parabolic
traces, each associated to a specific mass-over-charge ratio.
As shown in Figure 1, ions entering a Thomson spectrometer
will first traverse an entrance pinhole, whose dimension
determines the energy resolution as well as the capability of
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FiGure 1: A schematic representation of the Thomson spec-
trometer main components. The entrance pinhole, the magnets,
and the electrodes providing the binding fields and eventually the
drift space before reaching the detector for the imaging.

discriminating the different ion traces. Then, there is a re-
gion where both an electric and magnetic field are applied.
Here, the charged particles are deflected and afterwards they
travel over a proper drift space, while increasing their mutual
separation until they reach the detector site. This could either
be a passive detector [30], such as imaging plates [31] and
SSNTDs, or an active one to allow on-line
measurement [32].

A strong effort has been required to design Thomson
spectrometers resistant to the electromagnetic pulses
(EMPs) produced during the interaction and being thus
capable to work near the interaction point, for enhancing the
device sensitivity by the increase of the solid angle covered.
This allows to employ a small entrance pinhole while
maintaining a high signal-to-noise ratio even for the
products of low-rate nuclear fusion reactions. For this
purpose, it was necessary to have an optimized shielding for
EMPs otherwise they can couple to the spectrometer and
cause an unwanted modulation, and thus superimposition,
of the traces [11, 33, 34]. An optimal EMP resistance was
achieved by keeping the deflector compact, the spectrometer
has indeed only one deflecting unit providing both electric
and magnetic deflection. This grants that the residual EMPs
entering the device act on the particles only for a limited
amount of time. The employment of a single deflecting unit
also reduces the overall spectrometer dimension allowing to
place it near the interaction point without blocking the line
of view of other diagnostics.

The main advantage of Thomson spectrometers is that
the proton trace is well separated from all the others. Hence,
using this diagnostic, the issue related to the superimposi-
tion of proton to alpha particle signal is solved, easing the
procedure for alphas univocal discrimination. However, the
limitations in employing this technique come from the fact
that the trace due to « particles is superimposed to those left
by all other ion species with the same mass over charge ratio
such as C®*, N, or O®", that are routinely detected during
laser-matter interaction experiments [19, 20].

One possibility in achieving the univocal characteriza-
tion of the produced « particles consists in the simultaneous
characterization of the interaction by means of several
different diagnostics placed in close proximity and providing
complementary information [19, 35]. Nevertheless, this is
not always a viable solution due to space limitation in the
experimental chamber.
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In this article, we intend to analyse in detail the possi-
bility of employing a Thomson spectrometer with an ade-
quate differential filtering system [36] to obtain univocal
identification of alphas produced by the fusion reaction. We
will also investigate the feasibility of using a TOF line
coupled to a Thomson spectrometer to discriminate carbon
ions from alpha particles for the energy ranges where the
differential filtering methods cannot be used.

2. Differential Filtering Method

The motion of a charged particle moving along the z direction
with velocity v, entering a Thomson spectrometer charac-
terlzed by an electrlc field E = | E yI and a magnetic field B =
| B ,| applied for region of length L followed by a drift space of
length L, can be described by the following equations (37):
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where Z is the atomic number, g, is the electronic charge
expressed in Coulomb, A is the atomic mass, m, is the
proton mass expressed in kg, and E; is the ion energy
expressed in Joule. Ag and A are the integral coefficients of
the magnetic and electric field along the longitudinal di-
rection z that includes the nonuniform field. They include
both the field integral I and Iy [38] as well as all the de-
pendences from the distances as follows:

Li+Ly+L+Lp (z , ,
Ap = J J B(z )dz dz,

0 0

Li+Ly+L+Lp rz , ,
Ap = J J E(z )dz dz,

0 0

where L, is the distance from the target to the pinhole and L,
is the distance from the pinhole to the electrodes and
magnets, as labelled in Figure 1. Ay and Ay are thus
expressed in Tm* and Vm, respectively. From these relations,
the following equation of the parabolic traces detected by the
chosen imaging system can be retrieved:
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These expressions do not consider relativistic effects of
the particle motion, assumption which is reasonable for the
typical energies of laser-accelerated ions (in the range of
a few tens of MeV at most). The equations also assume the
case where (L/R) <« 1 (being L the length of the dipole and R
the bending radius of the particles travelling through it)
condition that is often satisfied given the dimensions of the
dipoles implemented in TS devices (usually a few centi-
metres long). As expected, the traces have a parabolic shape:

each parabola is related to a specific mass over charge ratio
and each point on the parabola corresponds to a different ion
energy. The capability of resolving different traces and en-
ergies is related to the strength of deflection of the magnetic
and electric field, as well as to the pinhole projection size
[32, 39]. In general terms, to improve both the energy and
the charge resolution, small pinhole sizes and large
deflecting fields are preferred, according to the specific
energy ranges of interest and the expected ion fluxes [39].
Identifying the size of the pinhole projection on the detector
plane as s, the energy resolution along a parabolic trace for
any A/Z can be expressed as follows [40]:

AE _ 2s

E - x(1- (s22)?)" @
where the A and Z appear in the expression of x, from
equation (1). The charge resolution is limited by the capability
of separating the traces left by ions having different mass over
charge ratios on the imaging system. In general, the sepa-
ration between the different traces decreases as the ion energy
increases, i.e., getting closer to the pinhole image projection.
For each couple of parabolic traces, it is possible to identify
their merging point and the corresponding energy here, it is
called merging energy. This is the maximum energy over
which ion specie discrimination is no more achievable due to
the intersection of the traces. The mentioned merging energy
E,, is strongly related to the electric field deflection as well as
to the pinhole image size. For a pair of two ion species, it is
possible to write the following equation:

_Zi9.Ag
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Where R, = (Q; +Q,)/(Q; —Q,) with Q; = (Z,q,/
Aym,)>Q,, the subscripts “1” and “2” are two generic
indexes referring to the two different ionic species consid-
ered, and E,, defines the merging energy of the ion with
charge Z,q, [40].

For instance, taking as reference the parameters of the
Thomson spectrometer labelled as “BIG” described in
Giorgio et al. [33] and assuming to have s=1.5mm the
superimposition of the alpha trace with the one of pro-
tons happens for E =88 MeV, whereas the superimpo-
sition of the alpha trace with the one of C>* happens for
E,=24MeV.

As mentioned in the introduction, the trace of the «
particles will be superimposed to those of other fully stripped
ions such as carbon, oxygen, and nitrogen, each having
A/Z = 2.1n each point (x, y) of this specific parabolic trace,
from equation (1), it results that all ions contributing to the
signal have the same velocity, thus the same energy per
nucleon. Being E, the energy of « particles, for each (x, y)
point, it is possible to write Ece. = 3E,, Ey7 = 3.5E,, and
Eqs. = 4E,,. Because of the higher stopping power of heavier
ions, the action of a foil of suitable thickness placed in front
of the imaging system can be exploited to cut out the
contribution of heavier ions from the trace, while allowing

E , (5)

m
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FIGURE 2: The ranges of carbon and alpha particles in aluminium are compared. The horizontal dotted line highlights the 15 ym range and
the intercept with the alpha and carbon curves identifies the energy needed by the two types of ions to cross a filter of the mentioned
thickness. Since the graph is plotted as a function of energy per nucleon, the AE where only alphas can cross the filter will correspond to
a certain Ax on the parabola trace where only the alpha particles are contributing to the signal.

alphas to pass through it. Nevertheless, given the expected
broad spectrum of the emitted alphas, the employment of
a single filter is not suitable to recover a complete in-
formation since it would be too thin to cut the contribution
coming from heavier ions having higher energies or too
thick for the alphas of lower energy. For instance, according
to simulations performed with the Montecarlo code SRIM
[41], a 15 ym of aluminium foil allows to detect alphas free
from any other ion contribution in the energy range
(3.9-5.7) MeV. But for E, < 3.9 MeV, the filter is too thick,
and alphas are not able to cross it, whereas for E, > 5.7 MeV,
carbon ions of 17.1 MeV start to pass through the filter
contributing to the trace generation, as highlighted in
Figure 2 where the ranges of alphas and carbon ions are
depicted as a function of energy per nucleon.

A similar issue has been discussed and addressed by Alejo
et al. [36] for the univocal characterization of deuteron ions
emitted during the irradiation of a deuterated plastic. The
author suggests the possibility of employing a set of different
filters along the energy dispersion axis, tailoring the material
and the thickness of each to cut the contributions of all other
ions but deuterons. A similar approach can be used for our
purpose: for each energy interval, delimited by (x,,x,) co-
ordinates, the chosen filter must cut the contribution coming
from heavier ions while allowing alphas with energies within
the range (E,(x,), E,(x,)) to reach the detector.

In Figures 3(a)-3(d)), the ranges of alphas and carbons for
different foil materials are reported as a function of the energy
per nucleon. The data are obtained from the SRIM [41] tables.

Therefore, it is possible to determine the proper filter
thickness to use in each energy region just by comparing the
ranges of the ions.

Once the ideal filter material and thickness has been
found, it is necessary to translate the energy interval into the
corresponding spatial region where the filter has to be
placed. This can be performed by exploiting equation (1),
which allows to calculate the spatial range (along the hor-
izontal direction x) that corresponds to a given energy range.

The discussed methodology is now applied taking as ref-
erence the Thomson spectrometer labelled as “BIG,” described
in detail in Giorgio et al. [33]. The mentioned spectrometer was
expressly designed to detect low-rate fusion reaction products.
It is supplied with a double entrance pinhole drilled in lead with
the smaller one having a 0.35 mm diameter. The spectrometer
works with magnetic field B ~ 4 kG and electrostatic potential
V'=7kV. The length of the electrodes and magnets is of 25 mm.
The gap between the magnets is 5mm and the drift space
before reaching the imaging system (either an imaging plate or
a CR-39) is 197 mm long.

The values reported in Table 1 have been retrieved
according to the ion ranges provided by the SRIM tables and
depicted in Figure 3 by applying equation (1). The value of
Ap was evaluated from both measurements and numerical
simulations of the magnetic field of our Thomson spec-
trometer. Except for a energies below 3 MeV, the set of
aluminium filters of 10, 15, and 30 microns would allow to
cover the whole alpha spectrum expected from p+''B re-
action when triggered at the energy of the maximum cross
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FiGure 3: The ranges of carbon ions and alpha particles are depicted as a function of the energy per nucleon in different materials:

(a) aluminium, (b) copper, (c) mylar, and (d) kapton.

TaBLE 1: For each aluminium filter thickness, the energy range where only the contribution of alphas is visible, is reported together with the

spatial extension on the parabola trace.

Filter thickness

Filter material (4m) E, (MeV) x; (mm) x, (mm) Ax = x, — x; (mm)
Al 10 2.9-3.9 9.5 11.0 1.5
Al 15 3.9-5.76 7.8 9.5 1.7
Al 18 4.4-6.8 7.2 8.9 1.7
Al 20 4.75-7.4 6.9 8.6 1.7
Al 30 6.4-10.5 5.8 7.4 1.6

x; and x, are the coordinates on the detector plane corresponding to the maximum and minimum alpha energy able to cross the filter (x = 0 corresponds to

the pinhole image position).

section, as reported in Kimura et al. [42], and also to in-
vestigate if alphas of slightly higher energies are detected.
From Table 1, the Ax values for the specific configuration
of the TS in use appear to be rather small. To guarantee the
stability and precision in mounting such thin stripes of few
pm thick filters avoiding issues related to their disruption as
well as to their jagged sides (originated by the cutting
procedure), an ad hoc holding structure made of stainless
steel was designed and it is here shown in Figure 4. The

physical dimension of the holder although, does not allow to
use the set of the three mentioned filters, since the width of
the structure will be covering a portion of the imaging
system. The set of filters is thus reduced to two and we found
convenient the employment of the 10 ym and 30 ym one.
These will allow to investigate the energy region where the
maximum alphas yield is expected and to explore what
happens for energies higher than 6.4 MeV, beyond the
current alpha energy cut-off.
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FIGURE 4: (a) The mounting of the filters with the two openings for the chosen filters. (b) The holder with the filters placed in front of the
imaging system where it is possible to see a raw sketch of the expected parabolic traces.

2.1. Thomson Spectrometer Integrated with Time-Resolved
Detector. As it is possible to see from the graphs in Figure 2,
the differential filter method cannot be used for low energy
particles. Indeed, for energies/nucleon lower than
~300keV (i.e., E, ~ 1.2 MeV), the spatial extension of the
energetic region free from ions contribution would either
be too small or cannot be defined. For this energy region,
we need to find some other method. We here investigate the
possibility of integrating a time-of-flight (ToF) method-
ology in the Thomson spectrometer assembly. The general
idea is to discriminate the different species according to
their different time of arrival by placing a time-resolved
detector after the region where the particles are subjected to
the electric and magnetic field of the Thomson spec-
trometer. The detector will be placed along the trajectory of
the particles having an A/Z =2, so to exclude the con-
tribution of protons and other ions to the signal generation.
Since the ions contributing to each (x, y) point in this
parabola trace have the same velocity, the simple TOF
technique does not work for particle discrimination.
Nevertheless, if a thin metal or plastic foil is placed in the
particle path, the different species may undergo to a dif-
ferent energy attenuation and thus to a different variation
of their velocities, according to the different stopping range
of the various species for the used material. Then, if a time-
resolved detector is placed at a proper distance, it would be
possible to recognize the contribution of the various
populations, as schematically shown in Figures 5(a) and
5(b). The method would be applied by punching one hole in
the imaging system used for the parabolic traces detection,
allowing for ions to pass through it and reach the time-
resolved detector. This would allow to simultaneously
obtain information on the alphas from the Thomson
spectrometer (for higher energies) and the ToF method-
ology (for lower energies).

As discussed, in each position of the A/Z =2 trace, only
particles with a certain energy per nucleon will be detected.
For a generic position in this trace, we now consider
a simplified model of a §-like Dirac distribution of the
energies. In the basic scheme shown in Figure 5(b), particles
with energy and velocity E;, and v,,, respectively, will pass
through a foil filter and those with enough energy will
emerge on the other side with E_,, and v, In particular, it
will be E_, = k; (E;,, f) E;, [43] with k; (E,, f) the atten-
uation coefficient depending on the type of the incoming
particle, its energy, and the filter characteristics (material
and thickness, here labelled as f). This attenuation can be
determined by SRIM [41] simulations. The time of detection
t; of each ion can be determined by knowing at which
distance from the filter the time-resolved detector is placed
(drop)> the type of filter used, and the energy of the in-
coming particle (E;, ), as follows:

m;

ki(Eini’ f)Ein,»’

where v; is the velocity of the ion after crossing the filter
and m; is the ion mass. The temporal interval between the
detectlon of an alpha particle and a carbon ion can be written
as follows:

" _ Aror _
i~ = @r1OF
1
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where m,, and m,, are the proton and neutron mass, re-
spectively, and the relation Ex = 3E, was exploited. For
a fixed energy, determined by the positioning of the ToF
detector behind a certain (x, y) point of the imaging plane,
and a given dpgp, the delay would depend only on the
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FIGURE 5: (a) Thomson spectrometer assembly integrated with the time-of-flight detector. (b) A simplified scheme of the working principle

of the diagnostic.
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FIGURE 6: (a) The attenuation coeflicients for alphas and carbon ions

different length of the time-of-flight line applying equation (5).

material and thickness of the filter, represented by the at-
tenuation coefficient k;(E;,;, f) and can thus be used to
discriminate the ion species by comparing the arrival times.

Equation (7) was applied to compute the delays, sup-
posing to use a 2ym aluminium foil as filter along the
particle path. The attenuation coefficients for alphas and
carbon ions, depicted in Figure 6(a), were computed by
means of SRIM simulations [41] in the energy range of
interest (0.6 MeV < Ejpha <3 MeV). In Figure 6(b), the de-
lays for different TOF line lengths are reported.

It is possible to see that two different regimes exist. For
alphas energies lower than =0.7 MeV, the computed delays
result to be lower than zero. Since, from equation (6), the
temporal distance is defined as At = t_ — £, this means that
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crossing 2 ym aluminium. (b) The delays At = t_ — ¢, obtained for

t.<t,, hence carbon ions would reach the detector before
alphas. For higher energies, on the other hand, alphas arrive
first on the detector and, for a TOF line length of 50 cm,
delays up to several tens of nanoseconds are obtained, which
are well in the range of efficient ToF detection by fast di-
amond detectors [44].

Nevertheless, some remarks are necessary. Even in case
of an ideal d-like distribution, the alignment of a diagnostic
based on this scheme is not trivial since a displacement of
a few millimetres of the ToF line can lead to the blinding of
the diagnostic. Moreover, for many of the energies shown in
Figure 6, the obtained delays are of a few nanoseconds.
Therefore, a detector with high temporal resolution is
needed. In the case of chemical-vapor-deposition diamond



0.8 | - - - - - - - - - el

o
—~ Lo
o
D06 b
S e 0"
2 ° °
~—" . . . .B/Q/ 6 .0
m 0.4 - - - . e BEIRIPRREEL
< = 4e0°

Laser and Particle Beams

AR (MeV)
&
¥
A
]

o Energy (MeV) Carbon Energy (MeV)
-eo- s=1.5mm -e- s=15mm
o s=1mm o s=1mm
—e— s=0.5mm —— s=0.5mm
@ (b)
Carbon Energy (MeV)

2 3 4

5 6 7 8 9

10%

g
o
g
g
3
©
<
£
5 10"
Q
0.5 1 1.5 2 2.5 3
o Energy (MeV)

-e- abunch
—— carbon bunch

(c)

FiGure 7: The AE computed for different size of the pinhole image according to equation (6) for (a) alpha particles and (b) carbon ions.
(c) The bunch duration of alphas and carbon ions at the detector site for s=0.5mm and dpop = 0.5m.

detectors, often used in time-of-flight measurements
[43, 45], this is usually achieved by single crystal structures,
having temporal resolution better than ~0.8ns and high
charge collection efficiency. On the other hand, this kind of
structures can be grown up to a surface of a few square
millimetres resulting in a small solid angle covered wors-
ening the alignment issue.

Moreover, in a realistic scenario, the energy distribution
for each detected ion species is not a J-like distribution but
will have a certain width. Hence, each point of the parabolic
trace will correspond to an energy span and not to a single
energy value. The amplitude of the energy span to consider
in each point can be related to the size of the pinhole image
on the detector plane [19, 40]. The latter defines the energy
resolution of the spectrometers along the parabola trace, and
this will correspond to the FWHM of the Gaussian distri-
bution of the energies to be considered in our computations.
As aresult, instead of a single time of arrival for each species,

there will be a temporal window where « particles will be
detected and a temporal window where carbon and other
ions will arrive (see Figure 5(b)). To be still able to use the
ToF technique to discriminate the various contributions, it is
thus necessary for the fastest carbon ion to be slower than the
slowest alpha particle. Alternatively, if this condition is not
satisfied, it is possible to compute the time interval where the
two populations overlap and define the portion of the alpha
time window free from other ions, here in after labelled A¢*.

Taking into account the energy distribution due to the
finite pinhole extension, the requirements for the energy
resolution become even more strict. Indeed, by applying
equation (4) with the parameters of the considered Thomson
spectrometer and assuming a pinhole image size ranging
from 0.5mm to 1.5mm, the obtained AE for alphas and
carbon ions is reported in Figures 7(a) and 7(b), respectively.
Assuming a ToF line length of 0.5 m and a pinhole image size
of 0.5mm, the temporal duration of the & and carbon
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FIGURE 8: (a)-(d) Schematic representation of the possible reciprocal positions of carbon ions and alphas arriving on the ToF detector. The
At highlights the temporal separation between the signal generated by the alphas and carbon ions, At* points out the interval where the
signal is generated by the contribution of alphas only when partial superimposition occurs. (e) The amplitude of At and At* intervals for
different energies and d;op = 0.5m each curve corresponds to one of the situations depicted in (A)-(C). (f) The amplitude of At cor-
responding to case (D) and the negative amplitude points out that this particular situation never occurs for our conditions.

bunches has been also computed and is reported in
Figure 7(c).

Taking these values as the width of the energy distri-
bution to consider for each particle energy, it is possible to
compute the temporal interval At where the signal generated
by the alphas is free from the carbon ions contribution (see

Figures 8(a)-8(d)). We then chose the favourable case of
a pinhole image of 0.5 mm size, and the resulting At and At*
are reported in Figures 8(e) and 8(f) for a TOF line of 50 cm
length. Notice that in Figure 8(e), for each of the depicted
cases, only positive values of At and At* are considered
because when the delay becomes negative, it means that the
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examined energy falls into one of the other cases. This also
clarifies Figure 8(f), where only negative delays are present,
indeed the situation depicted in Figure 8(d) never occurs for
the parameters examined here and, for each energy, the
behaviour of the two bunches is described by one of the cases
a-c.

It is possible to see that, even considering a broad energy
distribution, an appreciable At can still be defined. In this
case, it is useful to consider not only the whole separation of
the traces but also their partial overlapping, defining At* the
temporal interval where only alphas are detected. By doing
so, the methodology can still be applied. Nevertheless, for
bigger pinhole sizes, the width of the energy distribution
increases causing a decrement in Af, issue that can be
partially solved by extending the TOF line length.

In this scheme, it is also necessary to assess the effect of
the filter on the particle motion. It is indeed well known that
particles traversing a material undergo a modification of
their trajectory. This effect is more severe for particles en-
ergies in a range comparable with the thickness of the
material used as filter. In these conditions a broadening of
the energy distribution is also experienced. The latter will, in
turn, cause a broadening of the temporal interval interested
by a certain energy during TOF measurements. Namely,
alpha particles having energies =600 keV can be detected at
a certain time frop + Aty .q- SRIM simulations were per-
formed to quantitatively estimate this effect for the scheme
considered here i.e., alphas with energies>600keV up to
3MeV impinging on 2um thick aluminium. The range
covered by the energy distribution of the alphas entering in
the filter with 600keV is =25keV, within the AE already
considered due to the spectrometer energy resolution (see
Figure 7(a)). The trajectories of the particles, though, are
strongly affected by the presence of the filter and the beam
outcoming from it is strongly divergent. Nevertheless, this
effect rapidly decreases for increasing particle energies.

Another effect to consider is the one given by the
electrostatic-magnetostatic deflector which also produces
a clear increase on the tangential (both horizontal and
vertical) components of the particle velocity, due to the effect
of both magnetic and electric fields. This increases the beam
radius and makes it dependent on the distance from the
deflector. Therefore, the beam section on the detector plane
will be much larger than that on the filter plane, according to
the filter-detector distance. So, on one side, larger distances
ease the separation of the particle bunches. On the other
side, the requirement for large-area detectors increases, and
on the other hand, large area detectors mean low temporal
resolution. Therefore, for a specific alpha energy, an opti-
mum value for the ToF line length has to be found.

A way to deal with this issue may be the employment of
suitable electric-magnetic lenses, capable to correct the beam
divergence given by the spectrometer, and to keep the de-
tector diameter small also at large flight distances. However,
this is of course at the expenses of the detector complexity.
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3. Conclusions

The differential filter method seems to be a viable solution
for the univocal detection of a-particles in low-rate fusion
reactions. An optimal implementation of this methodology,
able to give characterization of a wide portion of the broad
alpha spectrum, requires the spectrometer to be designed
trying to obtain a large spatial dispersion of incoming
particles, so large fields, and large drift distances are needed.
This would ease the optimal filter placement along the whole
parabola trace, but gives problems in case compact spec-
trometers are needed, as required for high sensitivity devices
useful for diagnostics of proton-11B fusion reactions [19].
The prototype presented in this article is planned to be used
soon in tailored p-11B experimental campaigns.

The discussed methodology of differential filtering can
be applied not only in the context of the proton-boron fusion
reactions but also to monitor the alphas produced during the
deuterium-deuterium fusion reaction and the deuterium-
tritium one. In this case, the parabolic trace of the fully
stripped alpha particles is not useful since the deuterium will
also contribute to the signal on the very same A/Z =2 trace
and, being more penetrant with respect to alpha particles,
the differential filtering method is not capable of excluding
its contribution. Nevertheless, if we consider the parabolic
trace having A/Z =4, the deuterium will not contribute to
the signal whereas the “He* may be detected instead. On this
trace, an approach similar to what discussed earlier can thus
be applied for their characterization.

The methodology that foresees the integration of a time-
resolved detector in the Thomson spectrometer could, in
principle, provide very interesting results for the univocal
discrimination of low energy alpha particles. Nevertheless,
the technique presents some significant technical issues
concerning the TP-TOF assembly alignment, and the need
for high temporal resolution, high sensitivity, and large area
detectors. All this points need to be faced and assessed for
the technique to be successfully applied in a real-case sce-
nario. The use of an electric-magnetic lens to correct the
beam divergence can be very useful to highly improve the
detector requirements, but at the expenses of the whole
device complexity.

The methodologies here shown are of primary interest
for the univocal identification of alpha products in exper-
iments of laser-generated fusion reactions. Especially in
cases of low yields, the simultaneous presence of a large
number of laser-accelerated ions different from fusion
products very often makes their actual characterization
technically  impossible by  common  diagnostic
methodologies [19].
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Short-pulse, ultrahigh-intensity lasers have opened new regimes for studying fusion plasmas and creating novel ultrashort ion
beams and neutron sources. Diagnosing the plasma in these experiments is important for optimizing the fusion yield but difficult
due to the picosecond time scales, 10 s of micron-cubed volumes, and high densities. We propose to use the yields of photons and
neutrons produced by parallel reactions involving the same reactants to diagnose the plasma conditions and predict the yields of
specific reactions of interest. In this work, we focus on verifying the yield of the high-interest aneutronic proton-boron fusion
reaction ' B(p, 2a)* He, which is difficult to measure directly due to the short stopping range of the produced as in most materials.
We identify promising photon-producing reactions for this purpose and compute the ratios of the photon yield to the « yield as
a function of plasma parameters. In beam-fusion experiments, the ''C yield is an easily-measurable observable to verify the a yield.
In light of our results, improving and extending measurements of the cross-sections for these parallel reactions are important steps

to gain greater control over these laser-driven fusion plasmas.

1. Introduction

Short-pulse lasers offer new experimental approaches to
create and study fusion plasmas. In contrast to long-pulse
lasers which have been a primary tool in inertial-
confinement fusion (ICF), short-pulse lasers have pulse
durations <1 ps and use small focal spots to obtain peak
intensities upto 10> W/cm? in a single pulse. Short-pulse
lasers deliver their energy to the plasma in a time much
shorter than the typical expansion timescale, and both
electrons and ions achieve much higher momenta. These
plasma conditions are far from the quasi-thermal equi-
librium of ICF, where burn has recently been achieved [1],
and the question is open whether or not the dynamics
admit a pathway to net energy gain [2]. Short-pulse lasers
have successfully driven high-yield beam-fusion experi-
ments [3, 4], which can in turn be translated into novel
high-flux, ultrashort-pulse ions [5-7], and neutron
sources [8-11].

Short-pulse lasers can drive fusion in two ways: direct
irradiation of a target containing the fusion reactants or
laser-ion acceleration creating an ion beam that is dumped
into a catcher/target. To our knowledge, no experiment can
claim to have optimized the fusion yield, and the efficiencies
of these two methods for different candidate fusion reactions
remain a topic of research. Naively, one expects direct ir-
radiation to convert laser energy more efficiently into fusion
yield, in part because fusion can occur both in the neigh-
bourhood of the focus where all ion species are heated and in
the colder bulk of the target by ions accelerated out of the
focal region. Anecdotally, recent experiments support this
hypothesis [2].

Proper optimization will require greatly improved un-
derstanding and control of experimental outcomes com-
pared to current capabilities. However, the same laser
properties, namely, ultrashort-pulse and typically small
~ (10;,tm)3 focal volume make the plasma difficult to di-
agnose. Most interpretation is based on inference from the
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measured particle yields and spectra, sometimes supported
by Monte Carlo or numerically-expensive kinetic laser-
plasma simulations. Improving experimental diagnostics
of laser-driven nuclear reactions has, thus, become a sig-
nificant topic of discussion [12]. Our goal in this work is to
identify new diagnostics providing information on the
plasma conditions and nuclear reaction dynamics.

Out of the reactions studied with short-pulse lasers, we
focus on the proton-boron-11 fusion reaction
"B(p, 2a)*He, which is of particular interest because it
releases =8 MeV into kinetic energy of the 3 & particles and
no neutrons. The « particles themselves provide the most
direct measure of the fusion yield, but because they deposit
their kinetic energy into the surrounding medium very
efficiently, only a small fraction of those produced escape the
target. This problem is especially acute in direct-irradiation
experiments [5, 13-18], where the mean kinetic energy and
density of the medium vary by orders of magnitude in
different regions of the target, precluding a systematic an-
alytic correction for « stopping.

Since direct diagnostics of plasma conditions, such as
probe laser pulses or atomic spectroscopy, remains an
enormous technical challenge, we investigate other nuclear
reactions for products whose yield or spectrum can be
measured more reliably. Photons and neutrons are the best
candidates, but not all reactions will yield enough photons or
neutrons that can be identified as coming from a specific
reaction. We introduce the yield ratio as a phenomenological
tool to relate an easily-measured yield to the yield of interest.
Yield ratios have an established history in diagnosing the
ICF plasma, where they can determine several of the im-
portant pR parameters [19]. We have previously used the
ratio between « and ''C yields to determine the
"B (p,2a)* He reaction yield more accurately in beam-target
experiments [20], and here, we demonstrate its utility in
direct-irradiation experiments as well. The vyield ratio
eliminates normalization unknowns such as the local density
of reactants, effective reaction volume, and time and takes as
input a few model parameters, such as the mean ion kinetic
energy, that can be determined from particle diagnostics. We
conclude by identifying the two best candidate reactions for
proxy measurements of the 'B(p,2a)*He yield in direct-
irradiation experiments and confirm !'C as the best proxy in
beam-target experiments.

2. Accessible Reactions

The goal is to predict the outcomes and analyse the data
from experiments on the aneutronic proton-boron fusion
reaction ' B(p, 2a)a. The ' B(p, 2a)across-section reaches
~ 1b around 650keV center-of-mass (CM) energy, sig-
nificantly higher than DD or DT fusion reactions because
of the higher charge of boron. In fact, most other proton-
boron reactions require even higher CM energy before the
cross-section approaches 100mb, and the high cross-
section of ''B(p,2a)a in the E<1MeV range is due to
two identified resonances, related to above-threshold
excited states of '2C [21]. Recent work has resolved ap-
parent normalization discrepancies in the measured
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cross-section [22], resulting in reevaluation of the process
as a candidate for fusion energy.

With its cross-section reaching ~ 1b already at 650 keV
CM energy, lower than the thresholds of many other proton-
initiated reactions on boron, ' B(p, 2a)a is expected to have
the highest yield in the laser-driven beam-fusion experi-
ments. With higher laser intensities I > 10** W/cm ? though,
the proton beam in the experiment can provide energies
upto ~ 50 MeV [20], allowing many additional reactions
that are naturally grouped as “primary” or “secondary.”
Primary reactions are initiated by the protons scattering on
1B, 19B, or 1*N as present in typical boron or boron-nitride
solid targets. These are listed in Table 1 with peak cross-
section, the corresponding CM energy at which the peak
cross-section is found, and the range of CM energy over
which data is available. Secondary reactions are rescattering
of the « particles on the boron and nitrogen nuclei most
prevalent in the environment. These are listed in Table 2,
similarly to the primary reactions. The databases contain
additional processes, such as “N(p,n+ p)”’N and
YN (p,n+*He)''C, but the data are too sparse, and the
larger number of fragments generally makes the Q values for
such reactions negative and large in magnitude. Conse-
quently, their cross-sections should have somewhat higher
thresholds suppressing their contributions to the yields.

The corresponding cross-sections are plotted in Figure 1.
The global sets from EXFOR [24] frequently include in-
consistent measurements, as, for example, the recently re-
solved normalization in the ''B(p,2a)*Hecross-section
[22]. Cross-section data are one significant source of un-
certainty in our yield predictions. We have plotted the global
data sets for each cross-section without distinguishing their
sources and in our calculations, and we will use fits to these
global data with a few exceptions described in the captions of
Tables 1 and 2. We do not attempt to model the cross-
sections outside the range of available data. Instead, for
numerical integrations, we implement best fit curves that are
forced rapidly to zero outside the range of experimental data.
This choice almost certainly underestimates the yield for
several processes. Notably, the cross-sections of
"B (p,a)*Be, ’B(p,y)"'C, and all secondary reactions for
which data are available and seem likely to continue to
increase with CM energy. However, the lack of information
precludes quantifying the uncertainty in any attempted
modeling of the cross-section.

Among these primary and secondary reactions, we
identify promising candidates to be diagnostics. As men-
tioned above, the difficulty in verifying the 'B(p,2a)*He
yield is greater in direct-irradiation type of experiments. For
these, we need a reaction occurring in parallel with a product
that escapes the plasma unperturbed, such as neutrons and
photons.

To strengthen the identification of the originating re-
action, a neutron or photon produced with definite energy is
preferable. Exothermic reactions (Q>0) are, therefore,
better candidates, since we can expect the neutron or photon
spectrum to peak at nonzero kinetic energy. Of the primary
reactions Table 1, only two satisfy these conditions,
"B (p,y)"*C and '°B(p, y)"'C, both emitting photons. The
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TaBLE 2: Secondary reactions in the range of « particle energies. The range of CoM energy for which data are available as well as the
maximum cross-section and its CoM energy are given for numerical comparison.

Reaction Q (MeV) Opax (D) Eg;lax") (MeV) Data available
”B(oc,p)MC 1.3* 0.04 3.6 0.6<E,, <36MeV
UB(q,n)*N 0.16* 4x1074 1.5 0.4<E,, <1.76 MeV
0B (q, p)13C 3.85 — — No data
OB (g, n)*N 1,3.51 0.1 46 2.55<E,,, <4.7MeV
YN (a,n)""F —4.74* 0.12 9.2 6.3<E,, <20 MeV
“N (0, 7)'°F 4.42 — — No data
Q values marked with an * are computed from the mass difference of the initial and final states. Others are from the literature.
Comparison of primary reaction cross sections Comparison of secondary reaction cross sections
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FIGURE 1: Cross-sections of primary reactions (a) and secondary reactions (b) Data from EXFOR with all sources combined. The scales are

logarithmic, and the extent of the energy range is different on each.

cross-section data for both reactions are very limited. For the
B (p,y)''C reaction especially, the trend in the available
data suggests our calculations here may significantly un-
derestimate the photon yield. Of the secondary reactions,
three satisfy these conditions, "'B(a,n)"*N, °B(a,n)"’N,
and “N (a,y)"®F.

As several of the candidate reactions have limited cross-
section data available and even more limited data on the
spectrum of the outgoing neutron or photon, it would be
a reasonable first step to verify yields with beam-target type
of experiments. Since the target remains intact, we can
measure a wider variety of reaction products, in particular
unstable nuclides with half-lives much greater than the
experiment duration. Several of the reactions selected by the
previous approach also yield unstable nuclei, specifically !'C,
BN, and '8F with half-lives on the order of 10°s. Other
unstable nuclides produced are listed in Table 3. The sig-
nificantly differing half-lives make identification by re-
activity straightforward with a Geiger counter placed near
the target, though '*C probably has too long a half-life and
19C too has short a half-life for reliable identification. ”Be is
undetectable by this means but arises from a reaction
without particular interest in this study.

TaBLE 3: Half-lives and decay modes of unstable nuclei produced
by reactions in Tables 1 and 2.

Nuclide Half-life (s) Decay mode
’Be 4.60 x 10° €
e 19.3 B
e 1.22 x 10° B
BN 598 B*
Hc 1.81 x 10! B
140 70.6 B*
7F 64.5 B
18 6.59 x 103 B*

Now, synthesizing and narrowing the list of promising
reactions, two of the photon- and neutron-producing re-
actions stand out in utility. First, 1! B(p, y)'*C is promising
to directly correlate with the reaction 'B(p,2a)*He, be-
cause it has the same initial state and produces a photon with
energy significantly above most other products. The ~ 100x
larger cross-section for °B(p,y)"'C makes it a practical
proxy in the near term, though it has a different initial state,
which introduces additional uncertainty. Ultimately, the
yields of these two reactions will determine which is more
useful in the experiment.
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The second '°B(a, 1)’ N could help verify the « yield.
Since this reaction is the isospin partner of B (q, p)13C, the
cross-sections are very similar in magnitude and energy
dependence, and its measurement would verify the role of
proton-recycling from secondary reactions and propose as
an important mechanism in enhancing ' B(p, 2a)*He yields
in some experiments [25]. Moreover, N is unstable, and its
yield can be measured independently in beam-target ex-
periments. A small drawback to this reaction is that the
cross-section decreases sharply below CM energy of 3 MeV.
The majority of as produced by ' B(p, 2a)*He should have
energy above this threshold, but as also lose energy quickly
in a cold medium, and the yield is expected to be small.

Of the remaining two, (a) there is unfortunately no
cross-section data for "N (&, y)'®F, though it should pro-
duce a peak in the photon spectrum, and (b) the neutron
produced in 'B(a,n)"*N is likely have very little kinetic
energy, making detection difficult.

Of the radioactive nuclides, ''C has already proven its
utility in beam-target experiments providing a significantly
higher-confidence estimate of the « yield than a direct
measurement of the as by CR-39 [20]. '8F has been detected
[20, 25] but the absence of a cross-section for its production
limits the information gained. More surprisingly, >N has
not been detected, probably due to a combination of shorter
half-life and low yield making it difficult to distinguish from
the 'C signal. Since better data exist for the >N production
cross-section and it is generated almost entirely by « scat-
tering, we consider it the most important candidate for
future experiments as a means to help verify the a yield. 1*O
and F are of little interest in both production processes,
Q <0 so the neutron released is not a potential diagnostic in
direct-irradiation experiments.

3. Yield Equations

Having winnowed the set of interesting reactions based on
general criteria for good diagnostics of the fusion dynamics,
we now evaluate the yields of the various products.

The challenge in deriving analytic expressions for the
yield expression is two-fold. First, the ion momentum
distribution function generally varies from shot to shot due
to variations in the laser. Therefore, the ion distribution
should be measured on each shot as well as possible and used
in predictions. We address modeling related to incomplete
measurement in Section 4

Second, the ion momentum distribution is heteroge-
neous, with two or more distinguishable populations. Short-
pulse, high-intensity lasers deposit energy into a region of
10-100 um in radius from the focal spot, which we call the
directly-irradiated (DI) volume. In this volume, electrons
gain many MeV of energy, and ions are likely to have more
isotropic momentum distributions. Fast electrons pushed
through and out of this volume, largely in the laser beam
direction, can create large magnitude electrostatic fields that
accelerate ions out of the DI volume. The precise ion ac-
celeration mechanism and shape of the resulting ion
spectrum depend on the thickness of the target. To maximize
fusion yields, we assume the target is thick, that is, greater

than the stopping range of these high-energy ions, so that the
probability of undergoing fusion is saturated. The fast ions
are more likely to collide with at-rest ions much deeper in
the bulk of the target, and the reaction kinematics are es-
sentially those of beam fusion. We model the yield from each
of these regions and ion populations separately, addressing
reactions in the DI volume first and the beam-fusion re-
actions second.

The dichotomy between the DI volume and the beam-
fusion region is artificial, and the plasma will certainly
contain some transitional regions. Given the dynamics
described so far, these transitional regions are likely to
contain electrons of intermediate kinetic energy
leV <« (E,) < 1MeV, both low energy ions and some beam
ions and particle number densities similar to the initial state.
In this region, ion stopping is reduced compared to the cold
limit, and the fusion probability is similar to the beam-fusion
limit. Thus, the contribution to the yield can be thought of as
a correction to the beam-fusion yield since the length of such
transitional regions is much less than the stopping range of
the fast ions passing through.

The starting point to derive the yield is a classical ex-
pression for the total number of particles of type A produced
in a 2-body collision:

Y,= J'fl(?’?l)t)fz(?’_)z’t)wn

- V|0’ xdt

d&’p,d’p,
2n)’ 2n)*
(1)

Here, f;(X, P> t) is the distribution function describing
the probability of finding particle i = 1,2 with momentum
7 +dp in the volume element X + dx at time ¢, ¢ is the
cross-section, and |V, — ¥,| is the relative speed of the
incident particles. We integrate over all initial particle
momenta, all final states, and all space and time for the
reaction to occur. For the reactions of interest here, suffi-
ciently complete cross-sections differential in a solid angle
are generally not available, and cross-sections for the process
exhibit resonances of nuclei with different quantum num-
bers, suggesting that the angular dependence will have
a strong energy dependence, which we will not attempt to
model here. We can focus on the total yield as the most
relevant observable for both applications and practically
available measurements from recent experiments.

We consider two models for our yield calculations,
corresponding to the direct-irradiation and beam-target
experiments.

3.1. Direct Irradiation. The laser deposits a large amount of
energy in the fusion target, and reactions occur within the
10s of picosecond timescale that the ions are heated but
before the target expands and its density drops. Although
neither the electron nor the ion population can equilibrate in
this short time, experimental ion spectra are frequently fit by
the Maxwellian distribution, dN/dE oc e™PE. The parameter
B is an inverse energy scale that characterizes the mean



kinetic energy per particle of the distribution (EY/N = g~ ".
We stress that local thermal equilibrium is certainly not
achieved, and we do not assume equilibrium distributions.
The Maxwellian fit to experimental spectra is a phenome-
nological choice, enabling simple quantitative comparison
between shots and facilities.

Maxwellian ion distributions are a strong simplifying
approximation: kinetic simulations of short-pulse laser-
target interaction have found that the ion distributions
can have significantly higher numbers of high-energy ions
E;> "' than expected from the Maxwellian distribution. To
account for the excess of high-energyE > " ions, the single
Maxwellian model can be improved by introducing a second
Maxwellian distribution of smaller . This second pop-
ulation often corresponds to the beam population that has
significant directionality and is less likely to react with the
larger 8 population, being accelerated out of the DI region by
plasma fields on its boundary. Even so, the contribution is
computed easily since the yield is linear in the distribution
function, and the yield in the double Maxwellian case can be
derived by summing four yields corresponding to the four
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combinations of the two ion species’ two f8 values. Therefore,
for simplicity and clarity here, we use the single Maxwellian.

Since the electrons have MeV-scale kinetic energy in the
DI region, their stopping power is significantly reduced.
While the high-intensity laser can drive large, short-lived,
local increases in the electron density, the ion density varies
from the initial value by a factor much less than 1, at least
until the target expands significantly on the 10s of pico-
second timescale. Consequently, the proton and « stopping
ranges (> 100um) are certainly larger than the radius of the
DI region (<100um), and we consider that the ion energy
losses are negligible for the duration in the DI region.

Given these conditions, the yield of a given process is
straightforwardly derived from equation (1). The reaction
volume is a few times larger than the focal volume but is
generally not known precisely. Reactions will continue as
long as the plasma remains relatively dense upto several
picoseconds, though this plasma “confinement time” as it is
sometimes known is not well-determined either. We,
therefore, consider the yield per unit volume per unit time
for a 2 — A+ X reaction for nonrelativistic ions with
Maxwellian distributions:

m

Exdt 7 m By +myf,

3/2
day , _mn, ( 2B,m, Bym, )
/';rmr

T g

0

(2)

. o 2 2 ﬁ _ﬁrmrv
?(mr’ﬁr’.”’ 3 v) =e (e;" (zyv + I)TErf(yv) + yv>’yv - W’

where the parameters »;,m;,andB; for i=1,2 are the
number densities, masses, and inverse mean kinetic energy
of the two ion species. The remaining parameters are the
reduced mass m,, difference of inverse mean kinetic energy,
and combinations thereof:

mn,

m, = ,
my +m,

:ﬂf<ﬁ+/3_z)_
2 \m m,

The result is even in f3, as it must be since the choice of
labels is arbitrary and the yield should always be positive.
The integration variable corresponds to the magnitude of the
relative velocity of the two ions. The integration will be
performed numerically to use experimental data for the
cross-section o4 (E,,), which is a function of the CM energy.
Erf (z) is the usual error function with the normalization
defined by

B, =Py = By v = Pymy + fymy, p
(3)

2 (7 .
Erf(z)zﬁjoe du. (4)

The limit of equal mean kinetic energies simplifies the
result considerably to

ay , 2mn, J

d'xdt A (my +m,)

Considering our interest in particular reactions as in situ
diagnostics of the ""B(p,2a)*He reaction, we introduce
ratios of yields to eliminate experimental unknowns. For
reactions with the same initial state, e.g., p-'! B scattering, all
the prefactors in equation (2) cancel. For example, to use the
"B (p,y)"2C reaction as a diagnostic on ' B(p,2a)*He, we
might consider the ratio

dYY Jgo dv?(mr’ﬁr’ 2N V)Vapgélzcy((m,/Z)Vz)

vy, 3 _[go av/ (m,, B, u7; V)VUPB—>30¢( (m,/Z)vz)

dye” /2y20A<%>- (5)

>

(6)

in which all the mass- and f-dependent parameters are
identical in the numerator and denominator. Only the cross-
sections differ. For 2 — 2 reactions such as considered
here, the spectra of produced neutrons and photons have
been computed semianalytically showing that their widths
and small shifts in the peak depend on the momentum
distribution of scattering ions [26]. This allows the (ap-
proximate) f3 parameters of the ions to be retrieved by fitting
spectra of the measured neutron or photon. Since the re-
actions have exactly the same initial state, potentially large
scaling factors such as volume and time must be the same.
Thus, this yield ratio depends only on the mean Kkinetic
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energies of the two ion species. Considered as a function of
these two energy scales, the ratio manifests the difference in
the energy dependence of the cross-sections, though less so
than the beam-target experiments described below. In
equation (6), the factor 3 has been included in the numerator
to count the total number of as produced for each
"B (p,2a)*He reaction. With this yield ratio, the number of

ay

"B (p,2a)*He reactions is recovered by multiplying by the
measured yield of photons identified as arising from this
reaction.

Another reaction of interest for diagnostics is
0B (p,y)"'C, which differs from 'B(p,2a)*He in the iso-
tope of boron in the initial state. As a consequence, some
prefactors remain in the yield ratio:

(7)

dy, ny

«

1+(m,/myo)(To/T,)

The subscripts for boron parameters have been short-
ened to the isotope number for clarity. The measured
constants in the prefactor, such as masses, are no trouble, but
for this ratio to be useful we must argue that the ratio of
densities remains nearly constant during the relevant period
of plasma evolution. Since the charge is the same and the
masses differ only by 10%, we suppose significant separation
of isotopes from the initially uniform mixture can only
develop slowly, on the same time scale (or longer) that the
plasma expands and diffuses into free space. Note that
dynamically, we expect the mean kinetic energy of the boron
ions and protons to be similar, making the prefactor in
parentheses close to 1. The remaining ratio of reduced ki-
netic energies is expected to be near unity for the same
reason.

Another useful yield ratio could be 1°B(a, p)**C relative
to °B(a,n)'>N. The ratio would cancel dynamical un-
knowns such as the density of as. The other proton-
producing secondary reaction ''B(a, p)'*C could be
added to the ratio to completely determine the secondary
proton production, though the same remarks as above
would apply to the prefactor. A measurement of the neu-
trons produced from '°B(a, #)'"> N constrains the number of
protons able to be recycled into the ' B(p, 2a)* He reaction.
In this case, the input is the « spectrum derived from all
primary reactions, is a complicated function of energy, and is
expected to vary significantly as a function of mean ion
kinetic energy. We consider its derivation beyond the scope
of this study.

3.2. Beam-Target. The beam-target experiment involves
simpler kinematics. In the frame with the target material at
rest, the center-of-mass energy is

m,_s2 m
Ecm ZTrvb:m—;Eb, (8)

with the reduced mass given above by equation (3). The b
subscript indicates a particle from the beam, and the ¢
subscript indicates a particle in the target. For pB scattering,
m,/my=1.1. The momentum integral then only runs over the
proton distribution. The target particle distribution function
is nonzero only in the spatial region of the target material,
and integrating over the beam axis and time convolves the
projectile beam with the target distribution.

y _ Mo <1 +(mp/mll)(Tll/Tp)>3/2Tr10 M., IZO dv ?(mrll’Trnn”u”’n?V)""pB—» ”Cy((mr/z)vz)

T My 3 Jgo dv ¥ (m,10: Tr10> 10 V10 V)VUpB—>3oc( (mr/z)vz) -

In standard beam-target experiments in order to max-
imize exposure, the target is placed on or adjacent to the
anticipated axis of the ion beam. In the TPW experiment of
particular interest, we were able to verify that the target
material contained the cone of the highest ion flux, which
subtended an opening angle 6<0.3. We, therefore, assume
that the transverse momentum of the beam is small relative
to longitudinal momentum. These together imply that we
can reduce the beam momentum integral to the longitudinal
momentum only and integrate the transverse position de-
pendence into a 1-dimensional beam distribution function:

o d z — -2\ |
YA:JVd3xJ dtj%fb(x,pz,t)nt(x” VblaA(Ecm)

L e} o]
wn [z at [T (B fo o)

—00 0o 2m

(9)

where V, signifies the volume of the target. In this ex-
pression, the longitudinal coordinate can also be considered
as parameterizing the distance along the on-average straight-
line trajectory; trajectories diverging from the beam axis
would make a small geometric correction due to exiting
through the side of the target rather than the opposite end.
The constant density of the target has been taken outside the
integral and the target length defined as L.

Due to energy loss in the target, the beam distribution
evolves as it propagates through the target. First, as
a limiting model, we compute the yield neglecting the beam
energy loss. This case also clarifies the dynamics in the
subsequent derivation that includes stopping. The beam
distribution function remains constant in the absence of
stopping, so the convolution yields the length of the target
times the spatial length scale of the beam divided by the
longitudinal velocity, i.e., the length of the beam multi-
plying the traverse time and a numerical factor depending
on the longitudinal profile of the beam. Then, the yield can
be written simply

dE, dN m
Y9~ LJ—b—b —E, |. 10
A nt 27T dEhaA mb b ( )

The beam distribution function f, has been reduced to
its energy dependence dN,/dE.



The importance of stopping is seen by comparing the
stopping range to the target dimensions. The stopping range

is defined as
Eﬂ ' -1 i
zS=J (d—E(E>> dE, (11)
o \dx

where E, is the initial energy of the ion before interacting
with the target, dE/ dx from data is conventionally positive,
and the expected minus sign is compensated by the flipping
the limits on the integral. Note that dE/dx is frequently
given in units of energy/(mass density) or energy/(number
density) so that one multiplies by the density of the medium
to obtain the energy loss in units of energy/length.

The target temperature is more difficult to estimate in
direct-irradiation experiments. As the laser energy is
absorbed within the first few 10 s of microns of the target (at
most), the bulk is only heated by ions and electrons
accelerated out of the laser-heated region. Ions dominate the
energy transfer to the bulk; electrons have very low (a few-
MeV cm?/g) stopping power in the few-MeV energy range
compared to ions. With similar estimates for the total energy
of laser-accelerated ions as in the preceding paragraph, the
average energy transferred is 10-100 eV per electron, orders
of magnitude higher because the volume into which it is
deposited is orders of magnitude smaller ~ (0.1mm)>. The
temperature-dependent correction to ion stopping would be
non-negligible in this case. For this reason, in yield calcu-
lations below, we compare zero-temperature stopping to
finite-temperature stopping.

For a zero-temperature boron target and ion energies
representative of the higher end of the expected distributions,
SRIM predicts the stopping range of a 20 MeV proton as
2mm and 8 MeV « as 38 micron. However, target can be
heated by both the ion beam and the even higher energy
electrons that are accelerated out of the ion source by the laser
driver. Using the fact that the stopping range is less than the
target length even for the highest energy ions, the total energy
deposited is just the total energy of the beam that enters the
target. Even for the relatively high-energy ions obtained from
the Texas Petawatt, the total ion beam energy transferred to
the target is at most ~ 10% of the laser energy. For the upper
limit on the Texas Petawatt, 10] deposited into a hemisphere
of radius equal to the 2 mm stopping range, the specific heats
of boron and boron-nitride imply a temperature change
AT=280K ~2.4-2.6 x 10~? eV. Without direct measurements
of the electron spectrum emitted by the ion source, we resort
to an estimate. While experiments and simulations of ion
acceleration suggest that electrons absorb a similar amount of
energy from the laser-plasma interaction as the ions, the
electrons are less efficient at depositing energy in the target.
Therefore, an estimated upper bound on the deposition of
energy in the target by electrons is 10]. Carbon and other
heavy ions that may come from the ion sources carry equal or
less energy than the protons and in any case arrive later. Thus,
our best estimate for the temperature of the target remains
AT<5x% 1072 eV. This estimate, much less than the work
function ( ~ eV) of the target material, is consistent with the
target’s survival of the interaction.
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Nevertheless, for reference and comparison, Figure 2
shows the stopping power and stopping range equation (11)
for both cold and high-temperature (T' = 1keV) boron and
boron-nitride. This unphysically high target temperature is
chosen to exhibit its negligible impact on the yields for the
processes of interest. The stopping power data are obtained
from calculations using the enhanced RPA-LDA (eRPA-
LDA) model of Mehlhorn [27, 28]. Stopping ranges for lower
energy ions are shorter, and ranges are generally less than the
typical length (scm) of the targets. The highest energy
protons (E, <20MeV) have stopping ranges equal to or
greater than the target length, but their number and hence
contribution are smaller by an order of magnitude or more.
Neglecting this not-quite-stopped component, therefore,
amounts to an error of ~ 10% or less, smaller than the error
propagated from the cross-section and certainly smaller than
the error due to the limited energy range of the cross-section
data. Therefore, to our working accuracy, the target can be
considered “thick” in that almost all particles in the beam
will be stopped.

The conventional definition of the “thick-target yield”
for a monoenergetic input is

E(dE; AN\ ' (m, 2\,

1,(Ey) = JO (E (E )) GA(m—;E )dE, (12)
where dE/ dx from data is conventionally positive, and the
expected minus sign is compensated by the flipping the
limits on the integral. The density factor in converting
tabulated dE/ dx data into energy loss per unit length cancels
with the density of target nuclei in the yield. Note that the
integration can effectively be restricted to the energy range
where the cross-section is non-negligible. Since most of the
cross-sections have thresholds of order 1MeV, Figure 2
shows that finite-temperature corrections to stopping
matter only for T >1keV. Raising the target temperature
increases the projectile energy at which dE/ dx achieves its
maximum, but 1 keV is a much higher temperature than can
be dynamically achieved in a typical beam-target experiment
without external heating.

Thick target yields for all of the primary reactions in
Figure 3 show these properties. ''B(p,2a)*He and
"B (p,a)®Be display the greatest sensitivity to the target
temperature because ' B(p, 2a)* He cross-section is largest,
and the cross-section for ' B(p, «)®Be is only available for
CM energy <1MeV, where the dE/ dx curves differ the most.

The total yield of the product nucleus A is obtained by
integrating the thick target yield over the beam, weighted by
the beam energy distribution dN/dE,:

© dN
YY = JO d—EbI(Eb)dEb. (13)

Yield ratios in the beam-fusion geometry, as in direct-
irradiation experiments, analytically eliminate dependence
on geometric factors in the yield, such as target length and
density. Less obviously, the overall normalization of the
beam energy distribution also cancels in the ratio, since one
could easily write dN/dE = N, f (E) where N, is the total
number of particles (that interact with the target) and f (E)
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FIGURE 2: (a) Stopping power, dE/ dx, for protons in pure boron and boron-nitride, cold and warm T' = 1keV thick targets. (b) Resulting
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is a normalized probability distribution for the ion energy.
For example, the ratio of ys from "'B(p,y)"*C to as from
"B (p,2a)*He is

Y, _ [ F(By) [5 ((dE/dx)<E'))_lapB_‘uCy< (mr/mb)E'>dE'dEb
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Y

with the same stopping power dE/dx and normalized
proton spectrum. Removing this dependence on the total
number in the beam significantly reduces uncertainty in
practice given the available on-shot beam measurements.

The yield ratio retains important information of the
beam energy distribution. As seen in Figure 1, different
reactions have different thresholds and collision energies
where the cross-section approaches its maximum usually in
the 0.1-1b range. The yield ratio is greatly enhanced in case
the beam energy distribution reaches the threshold of one
reaction but not the other. Since laser-driven ion beams
generally have a broad and decreasing energy distribution at
low energy, the typical case is that a beam may contain ions
of sufficient energy for a reaction with a low threshold but
not for a reaction with a higher threshold. Thus, for example,
the "' B(p, 2a)*He has a peak cross-section around 650 keV
whereas the ' B(p, n)''C has a peak around 7 MeV, so that
the Maxwellian distribution with f~'=0.5-5 MeV would
yield significant « particles but not ''C. This effect is
demonstrated in Figure 4.

4. Modeling and Results

Some modeling and assumptions have already been estab-
lished in setting up expressions for the yield. We, now,
discuss the details and quantitative inputs to the models.

As seen in Tables 1 and 2 and Figure 1, data for the cross-
sections of interest are available only for limited ranges of
CM energy. The available data and comparison with anal-
ogous reactions suggest that the cross-sections may have
similar values across a wider range of CM energies. How-
ever, to avoid undue speculation and modeling, we assume
the cross-section vanishes quickly outside the available data
range. Considering also the ion mean kinetic energy not
likely exceeding ~ 10MeV, the numerical results for the
yields are likely under estimates by a factor of a few, but not
more than ten.

4.1. Direct Irradiation. The yield ratio eliminates de-
pendence on local, dynamic quantities, including effective
reaction volume, confinement time, and the densities. We
need both the absolute kinetic energy scale and the relative
kinetic energies of the two ion species. The absolute energy
scale is determined by how efficiently laser energy is
transferred the plasma, which in turn generally depends on
laser properties, such as total pulse energy, pulse length (if it
is greater than ps-scale), and contrast. For comparison

© [y f(B) OEb<(dE/dx)<E,>)_IUPBH3,X<(mr/mb)E,>dE,dEb

; (14)

between facilities, we scan the absolute kinetic energy scale,
using the proton mean kinetic energy as the reference. For
intensities upto 10> W/cm?, we expect ion kinetic energies
inside the target to be MeV-scale as the typical momentum
obtained from a cycle of the laser field and so also from
plasma-generated electrostatic fields.

The relative kinetic energy can be estimated from kine-
matics. For the same field strength and duration of in-
teraction, the relative work done on ions of charge Z,, Z, and
mass m,,m, is W,/W, = (Z,)*m,/(Z,)*m,. This suggests
the typical energy of protons should be smaller than that of
(fully-ionized) boron by factor of 2.5 (i.e., T,=0A4T ). Good
experimental measurements of ion kinetic energy distribu-
tions inside the laser-heated target are difficult to come by.
Fortunately, we find that the yield is mostly sensitive to the
absolute kinetic energy scale, controlling how much of the ion
distribution is above the threshold CM energy determined by
the cross-section. Once the threshold CM energy is achieved
by a majority of the distribution, the yield becomes less
sensitive to further increases in kinetic energy. At next order,
the yield equation (2) is more sensitive to the kinetic energy of
the heavier ion, due to the residual exponential dependence
on v. Note, however, that these yields are likely to increase
somewhat for higher kinetic energy range if cross-section data
across a wider range of CM energy were available. These
results are exhibited in Figure 5.

The relative insensitivity of °B(p,y)"'C to ion mean
kinetic energy is probably an artifact of the limited data
range available for the cross-section, which causes the thick
target yield to plateau rapidly above ~ 8 MeV. The greater
sensitivity of ''B(p, y)'*C to the mean kinetic energy could
allow the yield ratio to be used in a more conventional
manner: measuring both yields in the ratio determines the
mean ion kinetic energy in the target to high accuracy. This
method is in fact how yield ratios are commonly used in
heavy-ion collisions [29]. In particular, if photons from both
processes "' B(p,y)'*C and '*B(p, y)''C can be detected, the
ratio of these photon yields alone could probe the mean
kinetic energy of ions in the target. We expect the sensitivity
of the photon ratio can only be established with more cross-
section data.

4.2. Beam Target. More experimental information is avail-
able on the inputs for the beam-target setup. With a ~ 1/2
reduction to the total yield, experiments can measure the
laser-produced ion beam on-shot. For example, the target
can cover roughly half the solid angle of the beam, so that the
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FIGURE 4: Yield ratio of & to '1C for a normalized Maxwellian input proton spectrum in boron, comparing the yield with and without beam
energy losses in the target. Target temperature makes a negligible difference to the energy loss for proton energies in this regime, and the

T = 1keV curve lies on top of the T' = 0. Solid bands show the error propagated from the cross-section. Error bars, where visible, present the
numerical error.
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FIGURE 5: Ratio of photon (y) yield to « yield in a quasi-thermal plasma as a function of proton mean kinetic energy. At left for the
"B(p,y)"*C reaction and at right for the '°B(p,y)"'C reaction. The yield increases rapidly as the mean kinetic energy nears the CM energy
corresponding to the threshold for the cross-section (of Figure 1) and then plateaus. Different curves correspond to different boron to
proton kinetic energy, showing that the yield is only sensitive to the relative kinetic energy if the boron mean kinetic energy is much less than
the proton mean kinetic energy. Error bars, where visible, present the numerical error.

other half the beam propagates unperturbed into a di-
agnostic. Since ion acceleration mechanisms are azimuthally
symmetric or at most display a dipole azimuthal mode
(for example, in BOA [30]), we can infer the distribution in
the unmeasured half by mirroring the measured half. Ex-
periments on the TPW and else frequently show single or
double Maxwellian ion spectra. For simplicity and clarity, we
consider a single Maxwellian distribution describing the
beam, though with much smaller § parameter than in the

DI-region ion distributions. The yield for a double Max-
wellian is a suitably weighted superposition of the yield for
single Maxwellians, and the effect on the yield ratios can be
naturally deduced from this.

We first compare the total a yield to the 'C yield in
boron and boron-nitride targets. As shown in Figure 4, for
the cross-sections and expected temperature of the target,
beam energy losses are well-approximated by the cold limit,
which we use here. In boron targets, ''B(p,2a)*He is the
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FIGURE 7: Yield ratios: measured total « and ' B(p, 2a)*He yield
relative to measured !!C for boron and boron-nitride targets. Beam
energy losses are included with a cold target.

dominant source of « particles, while in boron-nitride
targets, the *N (p, a)''C process can contribute a similar
number. Therefore, for BN targets, we show both the total «
to '1C ratio and the ' B(p, 2a)* He yield relative to the (total)
1 vyield, so that the measured 'C number can be both
compared to the measured « yield (e.g., in CR-39) and used
to estimate the number of ' B(p, 2a)*He reactions occuring.

Photons are also produced by "B(p,y)'’C and
B (p,y)''C processes in the beam-target geometry. De-
tection of the photons in the beam-target experiment is
a natural proof-of-principle/validation step before using the
photon measurement to diagnose the direct-irradiation
experiments. As shown in Figure 6, the photon yields are
5 to 6 orders of magnitude smaller than the « yield and
display different dependence on the beam f parameter in
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beam-target experiments compared to the quasi-thermal
plasma of direct irradiation. The yield of °B(p,y)!'C
peaks around 3 MeV due to the narrow range of energies for
which cross-section data are available; this peak may dis-
appear with more complete cross-section data.

5. Conclusion

We have, thus, arrived at a list of reactions and their
products with diagnostic potential:

(1) ''C is produced by three reactions in Table 1 with
cross-sections of several hundred millibarns in
5-20 MeV center-of-mass energy range. The third
channel, 1°B(p,y)"'C, generally contributes less than
1074 to the total yield. Although it requires higher
proton energy, in experiments on an ultrahigh-
intensity laser, 1 "C is produced for every
10-100 « particles from the ' B(p, 2a)*He reaction
(see Figure 7). Modulo some uncertainty in mod-
eling the proton beam, the ''C yield thus offers
a strong, easily-measured signal to corroborate or
substitute more direct measurements of the «
yield [20].

(2) "B(p,y)"*C has the same initial state as the
"B (p,2a)*He, so that in both direct-irradiation and
beam-target experiments, macroscopic factors such
as density, volume, and time as well as physical
constant prefactors cancel in the yield ratio. The
drawback to this process is its low cross-section and
higher threshold: only 1 photon per million
UB(p,2a)*He reactions is expected, according to
Figure 5. That suggests ~ 10> — 10* such photons
were produced in recent experiments such as Ref-
erences [5, 7, 20]. Pending a direct measurement
though the photon should be easily distinguishable at
an energy = 10MeV.

(3) B(p,y)!'C involves boron-10, generally leaving
nontrivial prefactors in the yield ratio. While these
prefactors are expected to be order 1, due to the
similar dynamics of boron-10 versus boron-11 in
a laser-heated target, they introduce additional un-
certainty, which also grows with the duration of the
fusion. The yield ratio Figure 5 predicts 1 photon per
100,000 "B (p,2a)*He, implying roughly 10° such
photons in recent experiments. The photon energy is
lower, but still likely high enough in the several MeV
range to be distinguishable from other plasma
sources.

(4) B (a, 1)’ N has not been evaluated here but is an
excellent candidate for corroborating the « yield if
the neutron number can be measured. This reaction
could also determine the importance of p recycling
by virtue of its probably near-unity yield ratio to the
isospin partner reaction '°B(a, p)"’C. A rough es-
timate of the thick target yield for a 4 MeV « suggests
that ~ 107> of the as produced may be converted to
neutrons by this process. The neutron is slow enough
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to be easily time-of-flight

spectrometers.

identified by

One other reaction could be a good proxy for « yield if its
cross-section was independently measured in conventional
nuclear scattering experiments: '*N (a, y)'*F. This reaction
has the benefit of producing an unstable nuclide so that its
yield can be first checked in beam-target experiments. We
have also noted that the ratio between the two photon-
producing processes, ' B(p, y)"*C and °B(p,y)"'C, could
provide a measurement sensitive to the mean kinetic energy
of the ions in the plasma. However, its accuracy is currently
severely limited by the little cross-section data available for
YB(p,p)'C.

Considering the experimental interest and potential
applications of the ' B(p, 2a)*He reaction and other laser-
driven fusion reactions, we strongly recommend increasing
engagement with the accelerator-nuclear physics commu-
nity to improve cross-section measurements and add photon
and neutron diagnostics. Particle yields and yield ratios can
become a powerful tool to determine laser-driven fusion
plasma conditions in the same way, they have been thor-
oughly developed for probing nuclear-matter plasmas.
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Earlier, the experiments on the aneutronic proton-boron (pB) fusion in a miniature nanosecond vacuum discharge (NVD) with
oscillatory plasma confinement and correspondent « particles yield were presented. In this work, we consider some specific
features of oscillatory confinement as a relatively new type of plasma confinement for fusion. Particle-in-cell (PiC) simulations of
pB fusion processes have shown that the plasma in NVD, and especially on the discharge axis, is in a state close to a quasineutral
one, which is rather different from the conditions in the well-known scheme of periodically oscillating plasma spheres (POPSs)
suggested earlier for fusion. Apparently, small-scale oscillations in NVD are a mechanism of resonant ion heating, unlike coherent
compressions in the original POPS scheme. Nevertheless, the favorable scaling of the fusion power in NVD turns out to be close to
the POPS fusion but differs significantly both in the compression ratio and in the values of the parameter of quasineutrality. In
addition, unlike the POPS scheme, PiC simulation reveals that the distribution functions of protons and boron ions in NVD are
non-Maxwellian. Therefore, we have an aneutronic pB synthesis in a nonequilibrium plasma remaining “nonignited” on the

discharge axis.

1. Introduction

The proton-boron aneutronic reaction (p +''B—a + *Be*
—3a+8.7MeV) [1, 2] has the largest cross section 0 = 1.2b
as compared to other neutron-less reactions at the nuclei
relative motion energy of about 675keV [3]. The proton-
boron (pB) reaction cross section is smaller and the energy
when it occurs is much larger in comparison with the same
values for the reaction between deuterium and tritium —6b
and 60 keV. For this reason, the energetically profitable pB
reaction requires significantly more extreme plasma states
than for the fusion between hydrogen isotopes on the base of
traditional schemes with magnetic or inertial confinement
[4-6]. In the long term, advanced proton-boron fuel is very
promising, like related almost aneutronic “clean” energy
[7-9]. To date, the pB reaction and effects related have
proved to be in demand in medicine [10, 11]. The laser

initiation of the pB reaction has been demonstrated at the
beginning of this century [12]. In recent years, great progress
was achieved in laser-driven pB fusion experiments and the
growth of a particles yield (sf [13-19] and ref. therein). At
the same time, another approach like plasma confinement
under extreme conditions in a single device for pB fusion
without any external influences is also still of great interest
[20]. Overall, the inertial electrostatic confinement (IEC)
[21-28] is one of the very few in which ions can quite easily
reach the energies required for the beginning of the pB
reaction.

Earlier, on the basis of IEC, an oscillating plasma was
proposed as a possible thermonuclear fusion scheme
[29, 30]. The confinement and acceleration of ions in the IEC
scheme take place in the field of a virtual cathode (VC), i.e.,
in a deep electrostatic potential well (PW) [21]. However, the
“beam”-like ion energy distribution is essentially eroded by
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Coulomb collisions before the synthesis is substantially
realized in traditional IEC schemes [22]. This problem could
be avoided if the ionic component of the plasma would be in
the local thermodynamic equilibrium (LTE) state, as sug-
gested in [29, 30]. In this scheme, the head-on ion collisions
are replaced by the periodically oscillating plasma spheres
(POPSs) in the harmonic oscillator potential arranged due to
a homogeneous electronic background. At the moment of
compression, the high plasma densities and temperatures
necessary for nuclear fusion could be achieved. In the
process of oscillations, the ions in the POPS scheme have to
be in the LTE [29, 30]. An important advantage of the POPS-
based device is the obtained scaling of the fusion power,
which increases with the inverse of the VC radius [29, 31].
This feature could reduce in size and cost of each subsequent
device of this type [31, 32]. Looking forward, if breakeven
could be achieved on one small POPS module, this could
lead to the creation of a multimodule plant for energy
production in the future [29, 31, 33]. Initially, it was assumed
that POPS plasma is essentially non-neutral, and there
would be enough electrons so that the volume charge would
neutralize the plasma sphere at the moments of its collapse
[29, 30]. Afterwards, it was shown that there are important
limitations on the compression ratio that could be achieved
in the original POPS scheme while maintaining the parabolic
potential background and the neutralization of the spatial
charge [34]. As a result, despite the potentially high effi-
ciency of fusion of the POPS in theory [29, 30] and dem-
onstration of the POPS in the initial experiment [31, 32], in
further work, it was not possible to implement the original
POPS scheme in nuclear fusion experiments [22, 34].

The study and development of compact IEC devices with
ion oscillations is stimulated, in particular, by favorable scaling
of fusion power derived for POPS [29, 30], which invites to-
wards the miniaturization of devices. An IEC scheme with
reverse polarity [21] based on a miniature nanosecond vacuum
discharge (NVD) [35-37], in which ion oscillations occur quite
naturally [38], has a direct relation to this. The NVD experi-
ments and related PiC simulations began at the turn of the
century, and over time, it became clear that some hopes as-
sociated with the potential advantages of nuclear fusion in the
POPS scheme can be realized partially in a miniature NVD
[38-41]. The yield of DD neutrons was observed previously and
studied in detail in this device [35-41], and an aneutronic
proton-boron synthesis was demonstrated also recently [20].
Interestingly, the field of the virtual cathode confines the os-
cillating ions in the NVD, and at the same time, the inertia of
the oscillating ions partially holds the electrons of VC by
electric fields. So we have called this type of confinement an
electrodynamic or oscillatory one (OSCO) [20, 41].

This paper discusses and compares the features and
capabilities of oscillating plasmas for nuclear fusion both in
the POPS scheme [29, 31, 34] and the OSCO regime based
on NVD [20, 35-41]. The study of a fundamental issue for
IEC devices with electron injection as neutralization of the
spatial charge started for NVD recently [42] and is de-
veloping further. Some prehistory and specifics of DD and
pB nuclear synthesis study based on NVD are given in
Section 2. The degree of quasineutrality of proton-boron
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plasma in the OSCO scheme is investigated numerically in
Section 3. An improved scaling of the DD fusion power has
been determined for OSCO and compared with POPS in
Section 4, and the energy distribution functions of protons
and boron ions under pB fusion in the OSCO scheme, which
are qualitatively different from the Maxwellian ones in the
POPS scheme, are presented also. Section 5 discusses the
evolution of the IEC reverse polarity scheme over the past
half century and draws some conclusions for the future.

2. OnDD and pB Nuclear Synthesis in Miniature
Nanosecond Vacuum Discharge (NVD)

Experiments on X-ray generation and DD synthesis in NVD
were started at the end of the last century [43], and both single
and pulsating yields of DD neutrons were soon registered
[35, 44]. However, for some time, the nature of DD neutrons
was still unclear. Just subsequent 2D PiC modeling of the
processes leading to DD synthesis in NVD [36], based on the
full electrodynamic code KARAT [45] revealed the funda-
mental role of the formation of a virtual cathode (VC) and its
corresponding deep potential well (PW) [37, 38], which ac-
celerates and confines deuterons. In fact, the OSCO is based on
an IEC scheme with reverse polarity [20, 21, 36, 37] and makes
it possible to operate in a vacuum, where beams of auto-
electrons from the cathode will be formed when the high
voltage is applied. The auto-electrons, interacting with the
deuterium-loaded Pd anode tubes, at first, will create erosive
plasma [38, 46] near the anode with deuterons and deuterium-
containing clusters. Secondly, the electron beams, while flying
into the anode space (through the “mesh” of thin Pd tubes) are
slowing down as they approach the discharge axis, and then
change the direction of movement, thereby forming a VC and
the PW corresponding thereto. Thus, the OSCO scheme based
on miniature NVD, unlike the rather complex POPS experi-
ment, includes the natural injection of auto-electrons into the
anode space, the formation of a very small VC with a radius of
rvc~01cm, and a corresponding PW with a depth of
@pw~50-100kV [20, 41]. Head-on collisions of deuterons
accelerated in PW up to ~100keV are accompanied by the
release of DD neutrons. Deuterons can oscillate in the PW, and
at the moments of their collapses at the PW bottom, the main
DD synthesis takes place [38]. As a result, periodic oscillations
of deuterons in PW are leading to the pulsating output of DD
neutrons [35, 41, 47]. At the same time, the PW permanently
holds the oscillating deuterons, since the energy they gain in the
VC field is always insufficient to leave the well.

Earlier, in the POPS scheme, the scaling of the oscillation
frequency fpops by the ion mass and the depth of the po-
tential well was obtained [31, 32]. There was a good
agreement between the observed resonant frequency for
some test ions [31] and theoretical predictions for fpops = (2e
Qpw/ *vemy)?12m [32] (m;-deuteron mass and e-
electrostatic charge). In a more general case, a similar de-
pendence of the ion oscillation frequency can be estimated
from the inverse time of the ion flight by the radius of anode
space to the discharge axis (Figure 1(a)) and back fosc~u;/
rve Where u; = (Ze gop\,v/Zm,ﬂ)1 2_the average velocity of an
ion with a charge Z. Remarkably, the theoretical POPS
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FIGURE 1: (a) Geometry of electrodes in nanosecond vacuum discharge (NVD) under PiC simulations of pB syntheses for U=100kV and
front Aty =1ns (anode-red, cathode-blue, and green area-“anode plasma” with protons and boron ions). Electrons (blue dots), protons
(red), and boron ions (Zp=+3, yellow), and residues of pB reaction products are shown in the anode space at the simulation moment
t=4.45ns (circles of larger diameter, gray: *Be*, purple: primary « particles, dark orange: secondary « particles [20]. (b) The velocity of
electrons on radius, Vr/c < 0, accelerated to an energy of ~100 keV when passing in simulations through “the anode Pd tubes” (green area) at
t=5ns (c-velocity of light). The electrons are inhibited in the anode space close to the discharge axis, form a virtual cathode, ryc = 0.1 cm
and are reflected further (Vr/c>0) by oncoming electron flows in the opposite direction (VC along axis Z is also visible in Figure 1(a)).
Protons, boron ions, and pB reaction products are represented partially here also in the vicinity of Vr/c=0.

scheme has some analogue of the oscillating deuterons in
NVD which are manifesting through pulsating neutron yield
observed [35, 41]. In fact, at the NVD experiment with
deuterated Pd anode we have PW depth ¢=50-60kV,
namely, for deuterons (¢pw is about 80% of the voltage
applied), and the frequency of pulsating neutron yield
registered comes to about =80 MHz [35, 36, 47]. A close
value can be evaluated by extrapolation of expressions fpops
or fosc presented above to the parameters of the NVD
experiment and A-C geometry. Further definite similarities
and differences of the POPS physics and some oscillating
ions regimes at nanosecond vacuum discharge are discussed
in Section 4.

It should be noted the great progress made in recent
years in the study of laser-driven pB fusion and increasing «
particles yields in the experiments related [13-19]. In ad-
dition to laser-driven fusion schemes, the implementation of
pB fusion in one very compact device without the external
influence of lasers or proton beams is also of fundamental
and applied interest. In general, the scenario of DD synthesis
in NVD with a virtual cathode remains valid for the pB
reaction. By analogy with DD synthesis, PiC simulation
showed that the proton-boron aneutronic reaction can also
be achieved by accelerating and confining protons and
boron ions by the field of the virtual cathode in NVD [48]. In
the process of their oscillations in PW, head-on collisions of
a part of protons and boron ions with energies of
~100-500 keV lead to a proton-boron reaction. The specifics
of an OSCO at pB syntheses are that the oscillations periods
of boron ions and protons are different due to the difference
in their masses and charges. Nevertheless, under certain
conditions, which are realized both in PiC simulations
[48, 49] and in the testing experiments [20], these ions and
protons can collide in the vicinity of the discharge axis and
with a certain probability reaction pB takes place. The results
of the first experiments on the pB fusion in miniature NVD

with plasma oscillatory confinement were presented recently
[20]. The device is based on a low energy (=1]) NVD with
a virtual cathode also. The field of VC accelerates protons
and boron ions to the energy thresholds required for notable
pB synthesis under the collapse of ions in the vicinity of the
PW “bottom.” On average, the yield of « particles registered
was about 250 « particles per one shot (=1], voltage pulse
U=100kV, duration 7=~20ns) in a given series of dem-
onstration experiments [20]. As noted [20], the geometry of
the old Pd anode used earlier in DD synthesis was sub-
optimal, but it was very convenient for filling with boron
nanoparticles due to the developed surface microrelief
(Figure 3 in [20]). For the case of a larger number of well-
defined oscillations of ions in a better geometry of electrodes
(Figures 1(a) and 2(b)), we have to obtain at least ~10°/47 «
particles per one J. This is still significantly less than what is
observed in the modern laser-driven pB fusion experiments
(where the yield of a particles can reach ~107 st/J, from the
outlet [16, 19]), but obtaining in a single miniature device
without external influence of lasers or proton beams [20].
Let us note that the energies of protons (<100 keV) and
boron ions (<500 keV) in the NVD are relatively small, for
example, in comparison with those in the laser-driven
proton-boron fusion [16]. As a result, the efficiency
Q = Equtput/ Einpue in the first experiments on pB synthesis in
a single minijature device for proton-boron plasma con-
finement also is still very low ~107°. If the voltage is in-
creased to U=150kV or higher, we can get closer to the
main resonance peak of the pB reaction at 675keV. Looking
forward to an a particles source based on NVD, if we use
a pulse periodic high voltage generator and solve the
problem of heat dissipation, the « particles yield in NVD will
be proportional to the frequency of the voltage applied, for
example, at ~100kHz it would be about 10°x particles/s.
Again, it is not so much as for laser-drivena particles
sources, but a practical niche as a simple and cheap compact
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a particle source is not excluded. Last but not least, further
studies are to show the prospects for the creation of
a practical miniature reactor for pB synthesis based on
oscillatory confinement in NVD. In the very long term, if
reasonable values Q>1 would be achieved in a single
miniature device (Chapter 13 in [22]), the possible route for
energy production could be associated with a multimodule
(~10”) arrays for a power plant which were suggested for
fusion in a POPS scheme [31, 33].

3. Space Charge Neutralization and Degree of
Quasineutrality in NVD

Neutralization of the space charge is an important issue
under electron injection in devices like IEC [22, 29, 31]. In
this section, we will consider the degree of plasma quasi-
neutrality in the OSCO scheme at cylindrical geometry using
the example of PiC modeling of pB synthesis. As earlier
[20, 48], we will also use the code KARAT [45] for this
purpose. It is a versatile FDTD relativistic, fully electro-
magnetic code based on the PIC method. The code is
designed to solve nonstationary problems of electrody-
namics having complex geometry and including plasma,
electron, and ion beams. For current research [20], modeling
of binary interaction has been added. It is based on PiC
simulation of particle collisions and the subsequent gen-
eration of secondary particles with a probability corre-
sponding to the velocity of the primary particles and
theoretical or experimental cross-section. When modeling
the processes leading to the synthesis of pB in NVD, we will
derive the concentrations of all charged particles at different
parts of the anode space (Figure 1(a)) on time. It will allow
estimating the degree of plasma quasineutrality in anode
space by radius. The 2D PiC simulations presented below
were carried out for two cases: at the voltage applied of
U=100kV with a voltage front Aty =1ns, and for the ex-
perimental values Ue, =~ 100kV, Ats=~2ns used for dem-
onstration of the pB fusion in NVD [20] (VA characteristics
of the voltage pulse-periodical generator are given in
Figure 2(b) in [20]). There were 50 grid points by radius r

and 300 ones by Z axis under PiC simulations. The total
number of macro particles was up to 10°.

In Figure 1(a) the cylindrical geometry of the electrodes
is shown, with the anode-cathode (A-C) space 0.1 cm. In 2D
simulations, a thin anode “plateau” inside the cathode
corresponds to the real anode from cylindrical Pd tubes
attached to the end of the anode along its perimeter [38]. On
the left, a TEM wave from a high-voltage generator is
launched into the coaxial along the axis Z.

In Figure 1(a), it shows the creation of an electric field
between anode and cathode, providing auto-electronic
emission. In this field, the electrons are accelerated by ra-
dius to the discharge center (blue dots are shown in the
figures), and cross the anode (green area at r= 0.3 cm) with
an energy of =100 keV (Vr/c <0, Figure 1(b)). Irradiation of
the anode by electron beams produces the “emission” of
boron ions and protons. Penetrating further into the anode
space, electrons are inhibited and reflected by oncoming
flows and form a VC with a radius of =0.1 cm in a result
(Figure 1; [20] for details and PiC simulations movie). Inside
the anode the external pulse electric field is absent; however,
the negative electric charge of electrons creates PW in the
vicinity of the axis. It provides acceleration of protons and
boron ions along the radius to the discharge axis Z (r=0).
Here, the latter’s velocity reaches its maximum value, as well
as its density.

The potential well corresponding to the VC of the
electron cloud inside the anode space is presented in
Figure 2(a) (at the 10" ns of simulation). The PW depth is
about =100 kV. In the pB fusion experiment, the anode Pd
tubes were filled with hydrogen, and a tube surface with
a microrelief developed is covered by boron nanoparticles
[20]. The protons and boron ions will appear at the edge of
the PW under irradiating Pd anode tubes by energetic
electrons. In PiC modeling, the anode “tube” (Figure 1(a))
was also “fulfilled” by protons and boron ions (with
a charge just of +3). Radial acceleration of protons and
boron ions in the field of VC were followed by their
oscillations in the deep PW, which will confine them also
during oscillations.
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The specifics of OSCO are illustrated in Figure 2(b), where
the energies of randomly chosen isolated groups of protons
(index r) and boron ions (index y) in PW on time are given. For
this purpose, at five Z coordinates (in the range of 2-3 cm), the
locations of protons and boron ions were randomly selected at
r=03cm (distance to the anode, Figure 1(a)). The particles
closest to these points were selected from the cloud of “anode
plasma” at the initial moment of time. Furthermore, the histories
of all particle parameters (coordinates, velocities, and energies)
in time, as well as the electric fields acting on them, were traced.
PiC modeling recognizes the oscillatory nature of confinement
of protons and boron ions in PW; in fact, the maximum energy
of the charges corresponds to the moment when they are passing
through the discharge axis, and a minimum of kinetic energy
corresponds to the full deceleration of ions in PW and
a downward turn at its upper edge. Note that, fast boron ions
appear for the voltage front At;~ 2 ns only in the time interval 4-
5ns (Figure 2(b)), while for the voltage front At; =1 ns they will
appear already at 2-3 ns (not shown here), and also earlier than
for At;= 2 ns the first a particles will appear here (Section 4). For
a voltage front Aty =>5ns, fast boron ions and « particles will
appear as in the first case at interval 4-5 ns (the results of 2D PiC
simulations for the case of slower voltage rise At;=5 are pre-
sented in [42]).

The frequencies of oscillation for protons and boron ions
are different (Figure 2(b)) since there is a difference in mass
and charge (Section 2). This circumstance does not con-
tribute properly to the efficiency of synthesis. Nevertheless,
head-on collisions of protons and boron ions at the dis-
charge axis and in its vicinity with sufficient energies lead to
a pB reaction, and related « particles were registered in the
first pB fusion NVD experiments [20]. Thus, Figures 1 and 2
illustrate the key role of formation VC and the deep PW
related in the sequence of the main events leading to pB
tusion in NVD.

Earlier, for the POPS model, there was a question on the
amount of compression that can be achieved by oscillating
plasmas while simultaneously maintaining parabolic back-
ground potential and space charge neutralization [31, 34]. Let us
proceed to the analysis of the latter and the degree of quasi-
neutrality of the pB plasma in the OSCO regime in NVD. For
illustration, the rather typical concentration ratio of all charges at
selected point r=0.2 cm of the anode space on time is given in
Figure 3. We see that, in general, the number of electrons slightly
exceeds the total number of ions (curves in Figure 3 are cal-
culated by the average over an area of +0.05 cm adjacent to the
chosen point r=0.2 cm). The concentration of protons fluctu-
ates periodically on the electronic background, which corre-
sponds to the arrival of protons in this area; meanwhile, the
density of boron ions represents at this area of anode space
something like a positively charged plateau. Underline, the
concentration ratio of ions and electrons presented in NVD
under simulations even far from the discharge axis (Figure 3) is
different qualitatively and quantitatively from the ratio n;/
n,~0.1 accepted widely under the study and analysis of the
POPS fusion scheme [29-33].

Let us consider in more detail the range which is closer
to discharge axis under the short voltage front Aty =1 ns.
Figures 4(a) and 4(b) show the concentrations of
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F1GURe 3: Density of electrons (b), protons (r), and boron ions (y)
(with a charge of Zg=+3) on time at the selected point by radius

=0.2 cm of the anode space and the axis point Z =3 cm Figure 1(a)
for Uexp = 100kV with a front Aty=2ns.

electrons, protons, and boron ions on time for two fixed
points r=0.0 cm and 0.1 cm by discharge radius at chosen
Z=2.5cm on the discharge axis. The data in Figure 4(a)
corresponds to a point r=0.1 cm which is rather close to
the axis (Figure 1(a)). The electron density is given by
curve b, and curves r and y represent the densities of
protons and boron ions, respectively. The first protons are
coming to this area at t=2ns, and boron ions are
appearing later due to the larger mass. We see that there
are more electrons than ions in the entire time interval
presented since 7 = ryc = 0.1 cm. Meanwhile, on the axis of
discharge (Figure 4(b), r=0.0cm), where n, is several
times higher than for the case of r=0.1 cm, the electron
density curve practically corresponds in magnitude to the
total density of protons and boron ions (the latter have to
be multiplied by their charge Z,=+3) on time. Let us
introduce the function u(t) = -n.(t) + n,(t) + Zgng(t) for
a qualitative assessment of the degree of quasineutrality
using the obtained graphs of electrons and ions concen-
trations (Figures 4(a) and 4(d)). Functions u(t) are shown for
both cases at Figure 4(c) (r=0.1cm) and Figure 4(d)
(r=0.0cm), correspondingly. So we see that the plasma in
the close vicinity of the discharge axis is almost a quasi-
neutral one n(t) = n,(t) not only at individual moments of
time but also during almost the entire time of simulation
t=20ns (Figure 4(d)). Similar quasineutrality is available
also for slower voltage rise Aty=5ns [42]. Remark, in the
region of the anode space r= 0.1 cm, electrons, decelerating
and unfolding, form a VC with a large electron density
(Figure 1), and the deviation from quasineutrality there
naturally should be maximal (Figure 4(c)).

At t>15ns, the “fuel” for pB nuclear fusion embedded
in the “anode plasma” (Figure 1(a)) under simulation runs
out (Figure 4).

To describe the degree of quasineutrality of the plasma,
by analogy with [34], we introduce the parameter 7 = n;p/ 110,
where n;g is the initial ion density, #n.q = n,-n; is the electron



*101 time=20.0 ns

1.0

] n ‘i'”' ik

O:N\WW. oLl

0 10.0 20.0
t (ns)

(a)

(1/cm?), 0.10, 2.50

*1012 1 | | 1 |

total density
b
[=} (=)
I !

\

N

IS
|

\
o
=)

0 10.0 20.0
t (ns)

()

Laser and Particle Beams

time= 20.0 ns
*1013 1 1 | 1 1 L L L

W | | -
o
AL “ “‘ ﬂ‘l‘ . LN i ‘m\M\".ﬂulﬁl‘ﬂ\.\.n‘.‘ il

0 10.0 20.0
t (ns)

(®)

*1013 1 | 1 1

=
(=} (=]
| |

I

total density

©
(=}
L
I

0 10.0 20.0
t (ns)

(d)

FiGUre 4: Concentrations of charges at selected points of the anode space on time at Z=2.5cm (PiC simulations for an applied voltage
U=100kV with a front Aty =1ns): (a) r=0.1 cm and (b) 7=0.0 cm. The blue curves are electrons (b), the red ones are protons (), and the
yellow ones are boron ions (y) with a charge of Zp=+3. The related values of total density of charges, or function u(t)=-
n(t) + n,(t) + Zgnp(t), are given at (c) and (d) for radial points r=0.1 cm and = 0.0 cm, correspondingly (see text). The energy of electrons as
a function of their position along the discharge radius is shown in the Figure 4(a) inset (ryc= 0.1 cm, see Figure 1(a) also).

density which is forming a virtual cathode of homogeneous
density (n, and #n; are concentrations of electrons and ions,
respectively, depending generally on coordinates and time).
In a quasineutral limit, we have n,,—0 and get y—o00
formally [34]. Based on the simulations presented above, we
may conclude that in a certain area around the axis of
discharge (r=0cm) during the oscillations of ions in PW,
the parameter of quasineutrality # can reach the local values
of the order of 10-100 (after the first 3-4 ns, function u(f) =
0 fluctuates around zero, and almost does not change over
time, as shown in Figure 4(d)).

4. Small-Scale Oscillations at the Quasineutral
Limit in Vacuum Discharge. The Advantages
and Limitations of a POPS Fusion Scheme

The advanced concept of POPS [29-33] gave a new strong
pulse to the study of the IEC scheme with reverse polarity,
especially in theory. It was shown that the total power of
thermonuclear fusion in POPS is scaled as P~@pw’1°0%/ryc,
where % =n;/n,~0.1, ryc~a-anode space radius, and 8 is the
compression ratio [29, 31] (in the original POPS scheme, the
value 0 should be ~10%). Thus, a critical advantage for

a POPS-like device for fusion is favorable fusion power
scaling, which increases with the inverse of VC radius [29].
Each next POPS device generation has to be more efficient
and smaller compared to the previous one [31], and it also
might lead to a modular and high mass power density
economical device (see Table I in [31] for potential appli-
cations of POPS fusion devices). Looking forward, it was
remarked also that a multimodule power plant or advanced
space propulsion [31, 33] could be considered if breakeven
would be achieved.

Furthermore, the POPS scheme was demonstrated ex-
perimentally for H,*, He" 1 Ne* ions for IEC with grids [31],
where the ions exhibit resonant behavior in the field of VC
when moving at the frequencies of POPS. The scaling of the
oscillation frequency fpops by the ion mass and the depth of
the potential well was obtained, and it was in good agree-
ment with the predictions of the theory [32]. The PW depths
estimated for the experiment did not exceed 300V, and the
ion oscillation frequencies did not exceed 700 kHz. Thus, the
values of the applied voltage U were rather small there, and
so far it was not about DD nuclear fusion. Nevertheless, the
experiment on the demonstration of POPS was successful
[31-33], but some factors such as a separate injection of
electrons and setting external resonant pulses with
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FiGURE 5: Energy distribution functions in NVD for (a) protons and (b) boron ions with charge Zg=+3 for U, =~ 100kV with a front
Aty=2 ns. The potential along the radius is shown at the inset in Figure 5(a) for ¢ = 10 ns (it is cross section at Z = 2.5 cm for the PW presented
in Figure 2(a)). The output of secondary a particles from pB reaction on time for U= 100kV and At = 1 ns (see Figure 4(b) also) is shown at

the inset in Figure 5(b).

a frequency of POPS made it quite complicated. Besides,
a subsequent more detailed analysis by the authors of the
POPS have shown [34] that there are some critical limitations
on the degree of compression that can be achieved by an
oscillating plasma while maintaining the neutralization of the
spatial charge and the parabolic background potential. These
conditions make operation in the POPS regime
impractical [34].

At the same time, the work [34] has also suggested the
use of small compressions as another option in the quasi-
neutral limit — oo [34]. It was noted that this leads to
a device different from the one originally envisioned for
POPS. For the new device, POPS-type oscillations are pri-
marily a mechanism of resonant ion heating, rather than
coherent compression. Since the compression ratios are
small there, a high ion temperature is required when the
plasma is expanded [34]. Unlike the initial scenario with
POPS, in these devices, it is possible to work with a mixture
of deuterium and tritium also. Note that, a similar device was
originally studied theoretically by Elmore et al. [21]. Ap-
parently, small compressions, very small ryc values, and
plasma in the quasineutral limit are options which have been
realized in experiments with miniature NVD independently
[35, 36, 44]. This was preceded namely by a broad experi-
mental search for the possibility of DD synthesis in a min-
iature NVD scheme [43, 44], partially stimulated at that time
by the exciting results on DD fusion from explosions of
femtosecond laser-heated deuterium clusters [50, 51].

In fact, oscillatory confinement in NVD also uses small
POPS-type oscillations to heat the plasma [20, 41]. Present
PiC simulations (as well as preliminary ones [42]) are
showing that the oscillating plasma in the NVD near and on
the discharge axis represents a rather quasineutral mode
(Figure 4(d)), where the value of the parameter # can reach
~100. Also, we can estimate the compression ratio value as
just 6<10 if comparing charge densities on the discharge
axis (Figure 4(b)) and far from the axis (Figure 3). The
aneutronic pB synthesis demonstrated recently [20], where
the working fuel mixture was of different masses, indirectly
confirms also [34] that the plasma regime in NVD is

a quasineutral one. Note that, the experiment on DD syn-
thesis in NVD [35, 44] with a small-scale deuteron oscil-
lation (via neutron yield which is pulsating, Figure 4 in [35])
have appeared slightly earlier than small POPS-like oscil-
lations were suggested to heat the plasma (Section 5 in [34]).

The physics of POPS and small-scale oscillations in NVD
are different, nevertheless, favorable scaling of DD fusion
power for POPS is also preserved for an OSCO. For the
cylindrical geometry of NVD, we can get P~ppw’#’0 I/
e’r*vc (Lis cylinder length and e is the electron charge). At
the same time, the values of the parameters included in the
expression for P will themselves vary greatly. For POPS we
have ©#~0.1 and 6~10° [29, 31], while for an OSCO we get
#~100 and 0<10 as well as the typical values ryc~0.1 cm
and @pw~100KkV, which are necessary especially for high
fusion power [41] at miniature NVD.

The « particles yield in time, with the maxima at t = 2.7 ns
and at = 4.2 ns, shown at inset in Figure 5(b) (small maxima
can be barely discerned in Figure 4(b) also, near the hori-
zontal axis, where the densities of protons and boron ions
are overlapped, and their energies are sufficient for pB
synthesis). The energy of the accelerated protons under
OSCO is close to the energy of the electrons injecting radially
in the NVD scheme, which ensures its certain stability
[21, 34]. However, the ion energy distribution functions
remain non-Maxwellian ones [36, 49]. As an illustration,
Figure 5 shows the distribution functions (DF) of protons
and boron ions obtained in PiC simulations by averaging
over the entire anode space (averaging only near the axis
leads to a well-defined beam-like DF [22]). Underline, in the
experiments with NVD available today, the ions flight time
of the entire anode space volume turns out to be less than the
time needed for ion-ion relaxation under ions converging to
the discharge center [40]. As a result, we do not have the
microvolumes of thermonuclear plasma in NVD (such as
those predicted earlier [21] in similar, but spherical ge-
ometry), while DD [35-41] and aneutronic pB synthesis [20]
are observed certainly in the nonequilibrium plasmas
(Figure 5) remaining nonignited on the discharge axis
[36, 49, 52] (remark, the role of nanoparticles in the



processes of X-ray generation and nuclear synthesis in NVD
requires separate consideration, for  example,
[20, 46, 53, 54]). At the same time, it should be noted that
obtaining the desired type of ion distribution functions
between two opposite limits like “beam-Maxwellian” ones
[22] is a challenging but promising future task. In particular,
the type of DF and the specifics of the oscillations and
confinement of boron ions are affected, for example, by the
rate Atsin increase of the high voltage applied. In fact, with
a slower voltage increase such as Aty =5 ns [42], it is possible
to obtain a “more Maxwellian” type of DF and a more stable
acceleration and confinement of ions during their oscilla-
tions in potential well (Figure 2(b) in [42]) in comparison
with the case Ats=1ns (not shown here), where the part of
boron ions can leave rather deep PW (Figure 2(a)) along the
axis Z.

5. Concluding Remarks

The concept of IEC was first suggested to try to solve the
problem of controlled fusion by Lavrent’ev in 1950 (see
[22-25, 28] and refs therein). The first theoretical paper on
IEC appeared only in 1959 and was devoted to the IEC with
reverse polarity [21]. A device with a nonparabolic potential
well has been proposed for the plasma confinement at
thermonuclear temperatures. The projection of electrons
radially through the surface of a transparent spherical anode
was considered. Electrons will be stopped by their mutual
repulsion near the center and reflected back, which forms
a negative electrostatic potential in the anode interior. Such
a PW could ensure the convergence of radial ion flows to the
center, where a high ion density can be achieved in the focus
itself (we see that this even in detail resembles the physical
processes presented in Figures 1 and 2 discussed above for
almost parabolic PW at cylindrical geometry). The authors
concluded that this scheme is unlikely to be realized as a real
thermonuclear reactor, but “it may be suitable for obtaining
small volumes of thermonuclear plasma for research” [21].
Despite the relative simplicity of IEC devices with reverse
polarity, their evolution is progressing quite slowly. The
advanced IEC scheme with POPS proposed only 40 years
later [29, 30] has promised in theory the efficiency necessary
even for the generation of fusion energy. Unfortunately, it
was not possible to move further in the POPS experiments
with thermal ions in modified Penning traps [29, 55, 56] and
realize the predicted favorable scaling of the fusion power
[22, 31, 34].

In order to continue the studies of the IEC with reverse
polarity, and relying on the PiC simulations using the
electromagnetic code [36, 37, 41], over the past two decades
we have been able to implement experimentally both DD
synthesis [35, 38, 39, 41, 47] and aneutronic pB synthesis
[20, 48, 49] in a miniature NVD with oscillatory confine-
ment. The OSCO, like the POPS scheme, has a very ad-
vantageous scaling of nuclear fusion power, and, together
with a very small VC radius (ryc ~ 0.1 cm, Figure 1) and deep
PW (~100kV, Figure 2(a)), it provides high fusion power
density in NVD [41, 47]. As shown by the PiC simulations
presented above, the neutralization of the spatial charge is
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not a problem for an OSCO in cylindrical geometry (Figures
3 and 4), unlike the POPS scheme in the spherical one [34].
The NVD plasma turns out to be quasineutral in the anode
space with an accuracy up to a factor of ~2, while in the
vicinity and on the discharge axis, where pB synthesis is most
likely, it is practically a neutral one (the latter is illustrated
also by the view of potential well ppy at 7 <0.1 cm, where the
field strength =0, Figure 5(a) inset). Nevertheless, the fea-
tures of scaling of DD fusion power, and especially the
specifics of pB fusion power in NVD under oscillatory
confinement discussed above, require further more detailed
analysis, including the analogue of Lawson criterion [22] for
pB fusion.

Overall, it is clear also that the key problem for further
work is finding ways to improve the efficiency of available an
OSCO scheme. At the present stage of the pB fusion ex-
periment [20], the optimization of geometry and parameters
of the discharge can contribute to this goal, which can move
closer in ions energies to the maximum of pB reaction cross-
section, provide well-defined ions oscillations in the PW at
higher energies, shift the DF view towards the Maxwellian
type, etc. Apparently, at the next stage of the work, it will be
necessary to add a magnetic field in the experiment to
confine better the electrons of the virtual cathode, for ex-
ample, on the basis of the small-scale Polywell-like [22, 57,
58] configuration. It might increase VC lifetime which
would provide periodical pB synthesis near the discharge
axis (Figures 4(b) and 5(b) inset) without additional in-
jection of electrons and get the higher efficiency. Then, the
hypothetical breakeven for pB fusion will be achieved by
summation of very small gains over the entire periodic very
short times of “nonthermonuclear” pB burning during the
whole time [47] of oscillatory confinement needed to get

Q>1.
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In preparation for an experiment with a laser-generated intense proton beam at the Laser Fusion Research Center at Mianyang to
investigate the ''B(p,)2a reaction, we performed a measurement at very low proton energy between 140 keV and 172 keV using
the high-voltage platform at the Institute of Modern Physics, Lanzhou. The aim of the experiment was to test the ability to use CR-
39 track detectors for cross-section measurements and to remeasure the cross-section of this reaction close to the first resonance
using the thick target approach. We obtained the cross-section 0=45.6 + 12.5mb near 156keV. Our result confirms the
feasibility of CR-39 type track detector for nuclear reaction measurement also in low-energy regions.

1. Introduction

The "'B(p,®)2a« fusion reaction shows great prospects in many
fields. For example, p''B fusion is regarded as a neutron-free
nuclear reaction and is a favorable candidate for fusion energy
[1, 2]. The cross section of the 11B(p,?wc) provides a direct probe
for structures in '>C [3]. The study of the reaction can also give
useful information to explain the astrophysical abundances of
elements Li, Be, and B in young main-sequence F and G stars [4].
Besides, the ''B(p,®)2a reaction provides a new method of
cancer treatment [5].

The "'B(p,a)2a nuclear fusion reaction was first studied
in the 1930s by Oliphant and Rutherford [6]:

"B+ p — 3a+8.7MeV. (1)

Shortly after, Dee and Gilbert [7] observed the
breakdown of B into three particles with cloud track
photographs. Then, the reaction has been studied nu-
merous times to measure its cross-section [8-10]. Based
on these experimental data, the empirical formula for the
cross-sections is given by Nevins and Swain [11]. In 2005,
Belyaev et al. [12] experimentally achieved the p''B
fusion reaction by using an intense ps laser beam for the
first time. Recently, experiments using laser-driven
proton beams to initiate the p''B fusion reaction have
demonstrated increasing « yields [13, 14], which has led
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to renewed interest in the scientific community for
possible fusion energy applications.

In the laser-driven p''B fusion experiments, CR-39 type
track detectors are used instead of silicon detectors like in
usual nuclear physics experiments to detect ionizing par-
ticles [12-14]. CR-39 type track detectors are polyallyl-
diglycol-carbonate (PADC) films composed of C;,H;30,.
The CR-39 type track detectors measure the absolute
number of ions and are not sensitive to low fluxes of
electrons and photons [15]. In preparation for an experiment
with a laser-generated intense proton beam at the Laser
Fusion Research Center at Mianyang to investigate the
""B(p,a)2a reaction, we performed an experiment to test the
applicability of CR-39 type track detectors for cross-section
measurement. We remeasured the cross-section of 11B(p,oc)
2a close to its first resonance and compared it to previous
results.

Here, we report a measurement of the cross-section with
a thick target and CR-39 type track detectors in the proton
energy range of 140keV-172keV.

2. Experiment

The experiment was carried out at the 320 kV high-voltage
platform at the Institute of Modern Physics in Lanzhou,
mapping the energy region of the resonance at keV of
proton energy E, =163. As shown in Figure 1(a), the
proton beam passed through the magnetic quadrupole
lens and the Faraday cup. It was then focused on the target
with a focal spot diameter of about 1 mm. As shown in
Figure 1(b), the incident energy of the proton beam was
varied from 140 keV to 172 keV in steps of 4 keV, and the
accuracy of the energy is AE/E = +2x10"%. We used a
thick target of natural boron, and the irradiation was
carried out to irradiate the target from top to bottom,
leaving a gap of 4 mm between each irradiation spot. The
beam current was kept to about 1 yA. We aimed to have a
total proton number on target 10'° and used a Faraday for
monitoring. The arrangement was such that the proton
beam was perpendicular to the target and parallel to the
CR-39 track detector. The target is natural boron with a
density of 2.35 + 0.02g/cm’, composed of 80.1% ''B and
19.9% '°B. The target has a thickness of 5.0 + 0.1 mm with
dimensions of 40 + 1 mm x 44 + 1 mm.

The CR-39 type track detector, with a size of 50 +
Immx50+1mmx1+0.1mm, was placed at 90° per-
pendicular to the target surface at a distance of 3 mm from
the incident beam spot (Figure 1(b)). After irradiation, the
CR-39 type track detector was chemically etched in a
6.0 mol/L NaOH solution and kept at a constant temperature
of 80.0 + 0.5°C for 1 h. Then the CR-39 type track detector
was processed by washing, soaking, and drying to eliminate
the interference of water droplets, stains, dust, etc. After this
appropriate treatment, the tracks of « particles and protons
with their respective diameters on the CR-39 type track
detector were imaged and measured by an automatic track
image analyzer. The measurement error of the track di-
ameter does not exceed 0.05 um.
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3. Results and Discussion

Both, « particles and scattered protons reach the CR-39 type
track detector, therefore, it is necessary to tell them apart
using the track diameters as a distinguishing feature. We
measured « particle tracks on a CR-39 type track detector
using a standard **'Am source emitting a particles at an
energy of 549 MeV, as shown in Figure 2(a). The track
diameters of « particles are near to 10 um, which is con-
sistent with the results of Hicks [16], who etched the CR-39
type track detector with a solution of the same concentration
and temperature as we did. According to Hicks’ result, the
proton track diameters are smaller than « particle track
diameters. Combining our results with Hicks’, we believe
that there is a great difference in track diameter between
protons and « particles, from Figure 2(b) it is obvious to
distinguish the tracks with different diameters. Here, the
elliptical tracks of protons are caused by the large angle of
backscattering. As shown in Figure 1(b), the collected
particles on the CR-39 type track detector arise from nine
different incident spots. Therefore, particles directed to
incident spots far away will have a large incident angle,
which leads to the elliptical tracks.

Figure 3 shows the number of detected particle tracks as
a function of the track diameter with different etching times.
The red line in the figure represents a double-gauss-curve
fitting. For both etching times of 1 hour and 3 hours, there
are two Gaussian peaks. The first peak is due to protons, and
the second peak is caused by « particles.

Figure 2(b) and Figure 2(d) display the tracks without Al
film and with 5 ym Al film after 3 h etching, respectively. We
find that the number of tracks on a CR-39 type track detector
with Al film is much less than that without Al film because
most of the particles are protons and low-energy protons are
filtered out by Al film, which is consistent with the results
shown in Figure 3.

In addition, Figure 3 shows that when the etching time is
1 h, the proton track diameter and « track diameter overlap
considerably; when the etching time is 3 h, the overlap area
of the two tracks is small. This is due to the fact that the
etching rates of proton and « particle tracks are different. As
the etching time increases, the gap in track diameter will
gradually increase. Therefore, it is more convincing to
distinguish the two particle species with an etching time of
more than 3h.

However, there still remains some ambiguity because
some particle tracks have a large range of mutual masking
after an etching time of 3 hours. Therefore, we decided to
calculate the yield based on an etching time of 1 hour.

As shown in Figure 3(a), because the proton track di-
ameter and « track diameter overlap considerably, we finally
choose the intersection of two Gaussian curves to distinguish
two particle species. Thus, tracks with a diameter of more
than 2.7 um are considered to be due to « particles. With this
assumption, the relative systematic error is 7%.

As shown in Figure 1(b), for any region (for example, the
red circle on the detector), on a CR-39 type track detector,
the collected particles are the contribution of nine incident
proton beams. We select nine regions on a CR-39 type track
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FiGuRre 1: Experimental setup. (a) The proton beam passed through the magnetic quadrupled lens and the Faraday cup and then was focused
onto (b) the target (grey) and CR-39 type track detector (orange-yellow). The proton energy scan was performed from 140 keV to 172 keV in
steps of 4keV near the Ep = 163 keV resonance, forming 9 spots with 4 mm intervals. The irradiation time for each energy is approximately
200 s, with a beam current of about 1 yA. The particles collected by any region (for example, the red circle) of the CR-39 track detector are the

contribution of all nine incident proton beams.
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FIGURE 2: Tracks on a CR-39 type track detector. (a) 5.49 MeV « particle tracks from a 241 Am radioactive source after 3h of etching. (b)
Experimental particle tracks after 3 h of etching. (c) Experimental particle tracks after 1 h of etching. (d) Experimental particle tracks with

the 5um Al after 3h of etching.

detector with uniform brightness and fewer bubbles near
each spot, and then the equations are constructed as follows:

9

24—:[]Pi,jNa,j = Nepso (1),i = 1,2,..,,9, 2)
=i

where N,; is the a particle yield corresponding to the jg,
incident beam, Ncg3o(i) is the number of « particles detected
on the iy, CR-39 type track detector region, ;; is the solid
angle of the jy, proton beam to the iy, CR-39 type track
detector region. p;; represents the ratio of « particles that can
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escape from the target to the total amount of « particles that
are produced.

In the thick target case, the change of reaction cross-
section caused by proton energy deposition inside the target
must be considered. The total reaction cross-section with the
thick target is as follows [17]:

_1 ldN(E)d_E Ecos@

= N(E) |,
3|n dE dR+nc05(p (E)

3)

where 7 is the atomic density of the target, N (E) is the «
particle yield per proton with the proton energy E, y is the
absorption coefficient of the target nucleus, 8 is the angle
between the normal direction of the target plane and the
direction of the incident particle, ¢ is the angle between the
normal direction of the target plane and the detector. The
factor 1/3 corrects for the fact that for each reaction, three «
particles are created.

In our experiment, the proton energy is
140 keV-172keV, and the penetration depth into the boron
target is about 1 um. The energy of « particles produced by
p''B reaction is around 1 MeV and 4 MeV. According to the
SRIM code and the « spectrum with the incident proton
energy of 165 keV [10], we can safely assume that almost all «
particles pass through 1 um thick boron and reach the CR-39
type track detector. Thus, the second term in formula (3) can
be ignored.

Figure 4(a) shows the « yield per proton for different
energies of the incident proton beams, where the red line is
the curve fitting the experimental data with a standard
deviation of 24%. Figure 4(b) shows the cross section of p''B
fusion, where the present data are obtained based on the
formula (3) and the error of the cross-section was 28%. We
can find that the resonance appears near 156 keV, and the
measured resonance cross-section is 45.6 + 12.5mb. The
position of the peak is slightly shifted to the left from the
recognized resonance energy of 163 keV [6], and the value of
the cross-section is consistent with the previous works
[8-10, 18].

The main errors are due to: (1) the fitting error of 24% in
Figure 4(a); (2) the statistical error of 12% caused by particles
counting on the CR-39 type track detector; and (3) the
systematic error of 7%.

The higher values of the first four cross-sections result
from proton backscattering. As shown in Figure 3(a), the
proton track overlaps with the « particle track in a large
range, so some protons will be mistaken for a particles
during particle counting. In addition, the first proton beam
may not be perpendicular to the target but at an angle to the
target plane, which will cause large backscattering and a high
particle count.

The shift of the resonance peak is mainly due to the very
limited data near the resonance peak and the use of a thick
target. According to Munch [18], the resonance width in the
lab system of 163 keV is 5.76 keV, while the energy interval
of proton beams in our experiments is 4 keV, which means
that there are too few energy points measured near the
resonance peak. Therefore, this causes a large error in the
fitting of the peak position, thus leading to the shift of the
peak.

When comparing all these cross-sections, we notice all
values deviate significantly from the measurement of Becker
et al. [10]. We suspect that this is due to the normalization
problem. Becker believes that a correction factor of 2 should
be used when calculating the cross-section because two out
of three « particles can be detected for one fusion reaction
with detectors covering a large solid angle, while others
divide the total « particle yields by a factor of 3. Considering
our experiment, we have chosen several regions in the CR-39
type track detector to count the « particles. For the image
shown in Figure 2, its size is 238.9 ym x 183.77 ym, and the
solid angle of the image relative to the closest incident point
is AQ~ 10" rad. It is suggested that the « particles produced
by p!'B reaction are isotropically in the center of mass
system [10], if the total « number produced in reaction is
Niota» then the o number that can be collected in a region
with a solid angle AQ should be Ny, X AQ/47. Considering
that one reaction will produce three « particles, therefore, a
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FIGURE 4: (a) The a yield per proton. The red line is the curve fitting. (b) p*'B cross-section (the data are from References [8-10, 18]). Here,

we have corrected Becker’s value by multiplying a factor of 2/3.

factor of 3 should be divided when calculating the cross-
section. In Figure 3(b) we have corrected Becker’s value by
multiplying a factor 2/3.

4. Conclusion

In this experiment, the cross-section of the hydrogen-boron
nuclear reaction at low energy is studied. The experiment
was carried out on the 320 kV high-voltage platform, and the
CR-39 type track detectors with high sensitivity to charged
particles were used to record the particle yield. We can
distinguish the protons and « particles clearly in CR-39 type
track detector according to their track diameters, after
etched in a 6.0mol/L NaOH solution at a constant tem-
perature of 80.0 + 0.5°C for 3 hours. It is more effective to
distinguish two particle species with an etching time of more
than 3h. For the nine incident proton beams, the particle
yield is obtained by constructing 9-element equations. Based
on the integral formula for thick target yield and the «
particle energy spectrum, we obtain the peak value of the
cross-section 0=45.6 + 12.5mb near 156keV. The peak
value is consistent with previous results [8-10, 18], and the
position of the resonance is slightly shifted to the left. The
shift of the resonance peak is mainly due to the very limited
data near the resonance peak and the use of a thick target.
Our results show the feasibility of measuring the reaction
cross-section with CR-39 type track detectors in low-energy
regions.
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'The aneutronic ''B(p, )2« fusion reaction driven by the interaction of high-energy lasers with matter has become a popular topic
of research, since it represents a potential long-term goal alternative to the most studied deuterium-tritium reaction. However, the
detection of the typical ionic products, especially alpha particles, of this low-rate fusion reaction is a challenging issue, due to their
low flux. One of the diagnostic devices that can be implemented in laser-driven proton-boron Deletedfusion experiments is a
Thomson spectrometer (TS), which is capable of detecting and discriminating ions according to their mass-to-charge ratio (A/Z,
where A is the mass number and Z is the atomic number of the ions). In this work, we report on the ultimate test of a TS, which
was designed and developed at the ENEA Research Centre in Frascati, Italy, in the context of a p +''B fusion experiment. Our
device—designed to have high sensitivity and a robust shielding against electromagnetic pulses (EMPs)—was implemented at the
PALS laser facility (~700] in ~350 ps pulses) at a distance of 367 mm from the laser-plasma interaction point. We analyse here the
measured signals obtained with our device, focusing on the assessment of their signal-to-background ratio. Despite the presence of
strong EMPs and background radiation at such a short distance from the laser-irradiated target, the TS proved to be suitable for
effectively detecting protons and heavier ions stemming from the plasma source.

1. Introduction

The nuclear reaction between deuterium and tritium nuclei
(DT reaction) is a well-known candidate for future nuclear
fusion power plants and has been extensively studied in the
last decades [1]. The main advantages of exploiting DT re-
actions are the low energy required to initiate the fusion
process and the high reaction cross-section at center-of-mass
energies below 200 keV [2-5]. However, DT reactions require
the use of radioactive fuel (tritium) and produce neutrons.
These can be used for tritium breeding and in hybrid fusion-
fission reactors [6, 7] but also have the drawback of having a
low energy conversion efficiency and activating materials they

interact with. For these reasons, the neutronless ' B(p, a)2«
reaction [3-5, 8] has become a topic of research as an al-
ternative to DT reactions for third-generation fusion reactors.
The peak cross-section of this reaction is reached at about
600 keV center-of-mass energy [3]. This can be achieved in
laboratory conditions with the interaction of high-power laser
pulses and matter, which, in ad-hoc designed experiments,
has been demonstrated to produce p+''B reactions [3, 9-15].
These experiments exploit two main schemes: (i) irradiating
specially designed targets (such as plastic targets doped with
boron or silicon host targets enriched with hydrogen and
boron [10, 12, 14, 15]) with energetic nano- and picosecond
laser pulses in order to trigger p+''B fusion reactions;
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(ii) generating a laser-driven proton beam (typically using
pico- and femtosecond laser pulses) that is directed onto a
boron secondary target where the fusion reactions are ini-
tiated [3, 11, 16-18]. In these types of experiments, one of the
main challenges is represented by the accurate character-
ization of the interaction conditions and, in particular, by the
detection of the typical products of the p+''B fusion reactions,
i.e., alpha particles with energies in the range of a few MeVs
[3, 19]. Due to the low rate of the fusion reactions, the number
of produced alpha particles is typically low, and the produced
particle flux that can be collected by diagnostic devices is
limited [16-19]. Moreover, laser-plasma interactions at high
intensity produce a wide spectrum of ionizing electromag-
netic (UV, X, and p) [20] and particle radiation (electrons,
ions) [21, 22] and electromagnetic pulses (EMPs) up to the
MV/m order in the frequency range from radiofrequency to
terahertz [23, 24]. These additional radiation types interact
with the diagnostics and often generate a strong background
“noise” that hinders the measurement of alpha particle
spectra. Diagnostic devices placed at a close distance from the
interaction point are often damaged by this radiation. Dif-
ferent types of diagnostic systems are commonly used for
revealing energetic ions in laser-plasma experiments, such as
time-of-flight diagnostics, solid-state nuclear track detectors
(CR-39, PM355, etc.), and electric and/or magnetic spec-
trometers [25-27]. Among the latter category, Thomson
spectrometers (TS) represent a well-known and popular
solution, due to their combination of electric and magnetic
fields [28, 29], which allows deflecting ion species with dif-
ferent mass-to-charge ratios (A/Z, where A is the mass
number and Z is the atomic number) on different trajectories.
The particles then impinge on a detector and draw different
parabolic curves according to their A/Z value.

In recent years, intensive research and development has
been carried out at the Fusion Physics department of ENEA
related to diagnostic devices for p+''B fusion reaction ex-
periments, in particular Thomson spectrometers. Prototypes
of TS have been developed at the ENEA Research Center in
Frascati with the intent to optimize them for the detection of
alpha particles. These devices are designed to be placed
inside the vacuum chamber at close distances to the in-
teraction point, in order to maximize the number of col-
lected particles, due to their large intercepted solid angle
[30, 31]. Moreover, they feature compact dimensions, short-
length bending dipoles (magnetic and electric) and ad-hoc
shielding against EMPs. These characteristics allow to em-
ploy them close to the interaction point where the EMP
intensity is maximum and is known to induce significant
distortions to the TS signal [12]. One of these devices has
been recently tested at the PHELIX laser facility at GSI
(Germany) during an experiment where strong EMPs (in the
multiple hundreds of kV/m order) were produced, proving
an excellent capability to work in such harsh conditions at a
distance from the laser-plasma source of <1 m [32]. In this
work, we report about a further test of this device: the ex-
perimental results were obtained during an experiment of
laser-plasma-induced p+''B fusion reactions, performed at
the PALS laser facility (350 ps laser pulses with an energy of
about 7007). In this experiment, our goal was to test the
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TaBLE 1: Key parameters of the Thomson spectrometer.

Internal (external) pinhole diameter 0.35mm (2 mm)

Dipole length 25mm
Dipole gap 5mm
Magnetic field 0.405T
Max. electric field 1.56 MV/m
Drift space 197 mm

performance of our diagnostic device in an environment of
strong particle irradiation, EMP noise, and ionizing radia-
tion: the typical harsh conditions of a p+''B fusion exper-
iment. We aimed at efficiently separating and detecting
protons and heavy ions, in particular those with A/Z=2,
where alpha particles are included, by placing our device at a
distance of less than 367 mm from the interaction point. In
the following sections, we will focus on the evaluation of the
measurements obtained for protons and A/Z=2 ions.

2. Materials and Methods

2.1. Thomson Spectrometer Parameters and Experimental
Setup. The magnetic field of the deflecting dipole of our TS
is B =0.405T and the voltage applied to the electrodes can
reach a maximum value of AV =8kV (resulting in a
maximum electric field E = 1.56 MV/m). The length of the
dipole section of the TS is L =25 mm. The particles collected
by the TS are typically revealed by imaging plates (IPs),
placed on the support on the back side of the device after a
drift space of Lp = 197 mm between the deflecting dipole and
the detector. The implementation of CR-39 detectors is also
possible with the use of a specially designed frame that can
be put in place of the IP support. Further details of the TS
parameters are reported in Refs. [30, 31]. In Table 1, we
summarize the most critical ones. In Figure 1(a), we show a
schematic of the TS components. The black dashed line
indicates the trajectory of the radiation that enters the device
through the double pinhole assembly (a first pinhole with a
diameter of 2mm and a second one with a diameter of
0.35mm) and generates the zeroth order signal on the IP: a
x-ray pinhole image of the interaction. The red dashed line
represents the trajectory of the ions, which are deflected
along x by the magnetic field and along y by the electric field.
The ions will then impinge on the detector, generating
parabolic traces on the x — y plane, according to equation (1)

B AmPAE )

rZV A W
where Zq, and Am,, are the charge and the mass of the
considered ions, respectively; Ay and Ap are coeflicients
related to the electric and magnetic field distribution along
the dipole of the TS, which also consider the effects of fringe
fields (see refs. [30, 31] for further details).

We evaluated the quality of the retrieved signals from the
traces for protons and A/Z=2 ions in terms of signal-to-
background ratio (SBR). We discretized the x-axis of Fig-
ure 2, i.e., the horizontal axis on the IP image, in order to
consider the actual resolution of the device. This is limited by
the pinhole diameter as it is projected on the detector plane
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FIGURE 1: (a) Schematic of the TS components. (b) Schematic view of the experimental setup. The TS is positioned at a distance of 367 mm

from the front side of the laser-irradiated target.

and can be evaluated by the thickness of the proton trace (it
is inconvenient to evaluate it from the zeroth order in our
case since the signal is oversaturated in that region). Hence,
we graphically estimated that the pinhole image for protons
is about 0.8 mm and for the other ions is about 0.6 mm. This
gives the actual energy resolution of the TS for each specific
trace. The retrieved signal is therefore divided into energy
bins that correspond to subsets of pixels that have the same
dimension as the pinhole image. According to the relation
between horizontal position on the IP and energy of the
particles, it is possible to calculate the average energy of each
subset of pixels by considering its central position along the
x coordinate [30]. It is calculated as follows:

ABqu
X=—— )
2AmpEl-

where Zq,, Am, and E; are the charge, the mass, and the
energy of the considered ions, respectively; Ap is the

coefficient related to the magnetic field of the TS (see
equation (1) and reference [30] for further details). We
indicate the discretized energy bins with their mean energy

. We then evaluated the signal S within these bins by
1ntegrat1ng the PSL values of the obtained subsets of pixels
[30]. The values of the background signal BGy were eval-
uated by integrating the PSL values taken from the region of
the IP adjacent to the particle traces and this was performed
for each position on the trace. So, the background is
monitored and subtracted adaptively. We defined the signal-
to-background ratio as SBRy, = S /BGy, for each energy bin.
In Figure 4, we report, for the shot #56027, the obtained
values of Sy and BGpg (protons and A/Z=2 particles in
panels (a) and (b), respectlvely, for the latter case, we in-
dicate E; in terms of MeV/nucleon, in order to have an
equivalent scale for the different ion species that might
contribute to the signal of the trace). In the plots of
Figures 4(c) and 4(d) (protons and A/Z = 2, respectively), the
SBR, is reported. These plots clearly indicate that the signal
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FIGURE 2: (a) IP scan of the shot #56027. (b) Zoomed frame of the retrieved parabolas for A/Z=1and A/Z =2, in the region of the maximum
energies. The coloured lines indicate the analytic curves and the numerical values of the associated energies (MeV) for protons (red) and

alpha particles (green).

of retrieved traces exceeds the background noise across the
entire analysed energy range, for both cases of A/Z=1 and
A/Z=2. In case of protons, the signal exceeds the back-
ground by a factor ~100 in the range 0.1-0.7 MeV. At higher
energies, SBRy > 10 for E; up to 1.1 MeV, i.e., in the spectral
region where the collected particle charge diminishes (and,
as a consequence, the values of the correspondent Sj ). At the
maximum energy of ~1.2 MeV, the SBRy has still a value of
about 4. For the A/Z =2 trace (Figure 4(d)), which typically
is harder to detect due to its weaker signal compared to the
proton trace, we obtained SBRy >2 for ion energies from
0.05 to 0.125MeV/nucleon and SBRg >3 from about
0.125 MeV/nucleon up to the maximum reached energy of
~0.55 MeV/nucleon.

A schematic drawing of the experimental setup used in the
experiment at the PALS facility is reported in Figure 1(b). The
laser pulses, with a wavelength A =1315nm and a duration of
~350 ps, had an energy between 600] and 700], depending on
the case. They were focused down onto a solid target at an angle
a = 30° from the laser axis (see Figure 1(b)), yielding an intensity
of I = 10"*W/cm?. The types of targets that were used varied

FIGURE 3: Signal retrieved from a TS implemented at the PALS
facility during a p+''B fusion experiment with no special pre-
cautions regarding EMP shielding. Reprinted with permission from
reference [12] copyright 2020 by the American Physical Society.

from shot to shot and will be indicated in the following sections.
Our Thomson spectrometer was placed at an angle of 3 = 39°
from the laser axis, in line of sight with the target surface ir-
radiated by the laser. The distance between the TS and the target
was d = 367 mm (measured from the target to the entrance
pinhole of the TS). The maximum voltage applied to the
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Signal-to-background ratio SBR obtained for the A/Z=2 trace. All plots refer to shot #56027.

electrodes of the TS was AV =4KkV (resulting in an electric field
E = 0.78 MV/m). The nominal maximum voltage was not ap-
plied due to insufficient vacuum conditions. The deflected
particles were detected by IPs of the type BAS-TR [33, 34]. In
front of the TS, we placed an external lead slit (about 2 mm wide)
as additional protection against incoming radiation.

2.2. Scanning of the Imaging Plate. The implemented IPs were
of type BAS-TR, manufactured by Fujifilm. They were scanned
after each shot with a Fujifilm IP Scanner BAS-1800II scanner
(50 ym pixel size resolution, sensitivity S=4000, latitude L =5).
This type of scanner produces 16 bit encoded images. In order to
obtain the photo-stimulated luminescence (PSL) value of the
pixels, which is necessary for the correct calibration of the
signals/traces on the IP, we used the following formula [35]:

R \* /4000 L(QLIG-0.5)
Soer = (—) <—) 101 (QLG-05) (3)
st = \100) “\"s )~

where R is the resolution (50 ym), S the sensitivity (4000), L the
latitude (5), QL the encoded quantum level, and G the gradation
(65335) of the original image. The IPs were scanned approxi-
mately 15minutes after each shot. This time delay induces a

slight fading of the trace signal on the IP, which will be about
90% of the original value [36]. This effect is compensated by a
correction factor that we included in the numerical script for the
evaluation of the obtained particle spectra.

3. Results and Discussion

3.1. Assessment of the Thomson Spectrometer Sensitivity.
We report in Figure 2(a) an IP scan as an example of what
was typically retrieved from the performed shots. In this
particular case (shot #56027), which we will analyse in detail
in this section, the laser energy was 661 J, and the used target
was made of a 10 ym thick plastic foil doped with ''B. The
traces drawn by the different ion species collected by the TS
are clearly visible on the IP scan (no digital contrast en-
hancement was used in the image of Figure 2(a)). The pa-
rabolas are separated one from the other for all detected
energies, i.e., the signals do not overlap even at the high-
energy tail of the traces. Due to the large solid angle
intercepted by the device, which was enabled by the short
distance of 367 mm to the target (see Figure 1(b)), we ob-
tained a significant high flux of ions (a delicate parameter,
especially for the signals of heavy species), which was
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revealed with accuracy by the high TS sensitivity. On the
other hand, due to its proximity to the target, the TS is
exposed to a strong flux of ionizing radiation and electrons
generated by the laser-target interaction [20], which gen-
erally causes a background noise. This is somehow recog-
nizable from the intense signal of the zeroth order, where the
high X-yield directly impinges on the IP and leads to a
saturated signal (even after multiple scans of the detector).
However, the implementation of a thick external lead slit
(which confers the elongated vertical shape of the zeroth
order), the tailored double pinhole assembly for internal
electron deflection and collection, and the thick metallic
shielding case (shown in ref. [31] for further details) ef-
fectively protected the region of the IP where the ions were
revealed. Our TS also proved to have remarkable robustness
to significant EMP fields (typically, at the PALS facility, in
the order of a fraction of MV/m at ~1 m distance from the
target [24, 37]). The traces do not feature the typical os-
cillations that are caused by the presence of EMPs when no
special precautions are taken. In refs. [12, 38], pictures of the
very oscillating traces are shown for experiments on the
same PALS facility. In particular, the results of reference
[12], which we report here in Figure 3 for comparison, were
obtained in an experiment of laser-driven p+''B fusion
reactions using the same scheme as our experiment.
Moreover, these results were achieved by placing the TS
outside the chamber and at a distance of about 1.5-2 m from
the interaction point. Hence, with EMPs intrinsically much
lower (more than one order of magnitude) than those ex-
perienced by the TS that we implemented in our experiment.
Near the A/Z=1 trace generated by protons, weaker traces
are visible in the region of lower energies. These are possibly
induced by a fraction of the low-energy particles of the beam
that are deflected on a different trajectory by the fringe fields
of the dipole and/or part of the deflected particles, which
interact with the deflector edge and then reach the detector.
In the zoomed frame of Figure 2 (panel (b)), we indicated
with colored lines the analytic parabolas that correspond to
the particles with A/Z=1 (protons) and A/Z=2 (here, we

used digital contrast enhancement for improving the image
clarity for the reader). The numeric values on these lines
indicate the particle energies in MeV that correspond to the
different positions along the parabolas (for the A/Z=2
parabola, we considered here the energies of alpha particles).

The analysis of the A/Z=2 trace also allows estimating
the minimum value of p+''B reactions that leads to a de-
tectable quantity of alpha particles, in the case a TR type IP
detector is used. In general, the signal level of the A/Z=2
trace can be written as follows:

SE,- = SEiC6+ + SEi(x’ (4)

where Sg ¢ and S, are the contributions of C®" ions and
alpha part1cles, respectively (note that, here, the energy
values E; are in terms of MeV/nucleon). If we assume
that—since the used target is made of plastic, which is a
source of a large amount of fully ionized carbon ions—the
signal level of the A/Z =2 trace is entirely given by C°* ions,
it can be considered a reference threshold for the detection of
alphas. We can define a “minimum detectable contribution”
of alphas SP'" to the signal of the A/Z =2 trace, with respect
to the contrlbutlon given by C®" ions. For instance, as-
suming that the presence of alpha particles can be detected if
the signal of the A/Z=2 trace has double intensity with
respect to the reference case where only C®" ions are present,
the minimum detectable signal by alpha particles would be
Smin = Sp £,ce+- In the following section of this study, where a
quantltatlve analysis of the particle spectra is provided, we
will use these definitions for estimating the minimum
quantity of detectable alpha particles. Consequently, the
minimum detectable gain of p+''B reactions—intended as
the total energy of generated alpha particles with respect to
the laser pulse energy—with the experimental parameters of
the campaign at the PALS facility.

3.2. Spectra of Detected Ions with A/Z=1 and A/Z=2. Tt is
worth stressing out that the signal related to the A/Z=2
parabola possibly contains the contributions of both alpha
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FIGURE 6: (a) Obtained spectrum for the A/Z = 2 trace of shot #56027 in the case where the entire contribution to the retrieved signal is due to
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entire contribution to the retrieved signal is due to C*" ions. (d) Calibration curve used for the number of C** ions obtained using the fitted

calibration data in ref. [42].

particles and C®" ions, besides possible O and N ions that can
be present in the contaminants on the target surface. These
cannot be distinguished with the use of an IP as a detector.
The distinction of alpha particles from C®" ions, for example,
may require the implementation of alternative techniques,
such as, in some cases, the use of CR39 detectors and/or
differential filters [39, 40]. In this preliminary study, our
main goal was to test the sensitivity of TS and its ability to
obtain separate signals for protons and A/Z=2 ions using
IPs. For this reason, in the following section, we will analyse
the spectra obtained from the A/Z =2 trace considering both
cases separately, i.e., under the hypothesis that the retrieved
signal is entirely due to alpha-particles or alternatively en-
tirely due to C** ions. The proton spectrum obtained from
the A/Z=1 trace is displayed in Figure 5(a). The retrieved
maximum energy is of ~1.2MeV, and the slope of the
spectrum is exponentially decreasing, as is typical for laser-
accelerated protons. This spectrum was obtained using the
IP calibration curve that we report in Figure 5(b). For

energies >350keV, the calibration values are those reported
in ref. [33] and are plotted in red. At lower energies, no
calibration values for TR type IPs are available in literature,
to the author’s knowledge. Therefore, we assumed a linear
response of the detector in the range 0-350keV, as it is
indicated by the black part of the curve of Figure 5(b) (left
from the dashed line). The low-energy part of the spectrum,
separated by the dashed line on Figure 5(a), is hence ob-
tained using this linear calibration curve, down to a mini-
mum proton energy of ~100 keV that our device was capable
of detecting. To have a more precise spectrum estimation at
E <350keV, we plan to perform suitable IP calibrations for
proton expositions.

In Figures 6(a) and 6(c), we show the obtained spectra
for the A/Z =2 trace, assuming the two separate cases where
the signal contribution on the IP comes either entirely from
alpha particles (panel (a)) or entirely from C®" ions (panel
(c)). The alpha particle spectrum, obtained by using the
calibration curve of Figure 6(b), has a cutoft energy of
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~2.2 MeV. This calibration is reported in reference [41] and
similar to the case of protons does not provide calibration
values for alpha particles below ~800 keV. For this reason, we
again used a linear response here for evaluating the charge of the
obtained alpha spectrum, as indicated by the black part of the
plot (left of the dashed line). The case where the A/Z =2 signal is
instead entirely generated by carbon ions is represented in
Figure 6(c) and shows ions with a maximum energy of
~6.6 MeV. For this analysis, we used the calibration curve re-
ported in panel (d), obtained by using the methodology re-
ported in reference [42], where experimental data of TR IP
calibrations for carbon ions are fitted with a polynomial curve.
Calibration data for C®* ions from ref. [42], are for an ion energy
of ~12 MeV. Experimental calibration data for energies down to
3MeV are also reported for C* ions, and since the stopping
power of these accelerated ions is not influenced by their charge
state, we assumed that the reported polynomial fit of ref. [42]
extends to lower energies as well. For a more precise evaluation
of the number of accelerated particles in both cases of alpha
particles and carbon ions, a calibration of TR IPs at low energies
is necessary and will be addressed in future studies. However,
since the main goal of this work was to test the TS sensitivity in a
proton-boron experiment and prove its capability of retrieving
distinct signals for A/Z=1 and A/Z =2 traces, we believe that a
preliminary evaluation of the beam charge, obtained with the
linearized/fitted calibration curves of Figures 5(b), 6(b), and
6(d), serves well the purpose of our study.

From the spectra obtained from the A/Z=2 trace, it is
also possible to quantitatively estimate the minimum con-
tribution of alpha particles that is detectable with the used IP
detector, given our experimental conditions. As discussed in
the previous section, we can assume that the signal level of

the A/Z=2 trace is entirely given by C°" ions and can
therefore, be used as a reference background level, above
which the signal of the alpha particles needs to be detected. A
reasonable scenario is represented by the case where the
contribution of alpha particles leads to a minimum threshold
value of Sy that has double the intensity with respect to the
case where only C®" ions are present. Hence, the minimal
contribution by alpha particles is equal to the reference one
given by carbon ions, ie., ST = Sg,ce+- This case is repre-
sented by the spectra reported in Figure 6, where we obtain
calibrated spectra of alphas and carbon ions using the same
signal retrieved from the IP. Indeed, the spectrum of
Figure 6(a) represents the minimum quantity of detectable
alpha particles in the case that we are considering. By in-
tegrating the curve of this spectrum, assuming an isotropic
emission of the particles from the target within an emission
cone of 70° degrees (half-angle), the total number of particles
and the total energy of the particle beam ET can be obtained.
Note that the hypothesis of such an emission angle is due to
the position of our TS from the target normal, ie., 69°
degrees. The total number of alpha particles, hence, is es-
timated to be N, = 1.3 - 10'!. This value can be related to the
number of C°" ions obtaining N, /Nge = 1.3-10'/
9.5-10' = 0.14. This value represents an estimation of the
minimum number of generated alpha particles per
accelerated C°* ion, which leads to a detectable signal of
alpha particles. In terms of total energy of the alpha particles,
we obtain E?; = 0.035 J, which leads, with respect to the laser
energy, to a minimum detectable gain of the p+''B reaction
of EI/E s = 5.3-107°.

In Figure 7, we report the comparison between the
spectra obtained in two different typical shots, which were
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evaluated with the methodology and the experimental setup
that we discussed so far. For the A/Z=2 traces, we report
both the cases of alpha and C®* ions. Also, here, the quantity
of protons and alphas (or C®" ions) in the energy range that
is not covered by the IP calibrations that are available in the
literature, is evaluated using a linear response of the detector.
We observe that these shots yield similar spectra, for both
protons and A/Z =2 ions, in terms of maximum energy and
estimated charge. For protons, the maximum energy is
between 1.2 and 1.3 MeV for both shots. These results are
consistent with the laser energy of the shots, which varies by
less than 5% (it is 686 and 661 Joules for shots #56025 and
#56027, respectively). This indicates that the TS is capable of
providing reliable measurements of the laser-generated
protons and ions. For the A/Z=2 traces, we find a similar
behaviour in terms of energies that are similar for the
analysed shots (cut-off energies between ~2.0 and ~2.2 MeV
in case of alpha particles and ~6.4 and ~6.6 MeV in case of
C®* jons, for both shots).

4. Conclusions

We tested and analysed the performance of an advanced
Thomson spectrometer in an experiment of high-intensity laser-
plasma interactions devoted to the initiation of p+''B reactions.
The conditions of operation of the device were significantly
harsh, as is typical for this type of experiment: the effects of
strong irradiation by X, gamma, and EMP radiations emitted
from plasma were amplified by the very close proximity of the
device to the target, i.e., only 367 mm. Despite the placement
close to the interaction point, the TS demonstrated a remarkable
robustness against these types of radiations and the associated
background noise. This allowed for the retrieval of particle
signals with a high signal-to-background ratio using TR-type IPs
without the necessity of using additional filters. In particular, for
the A/Z=1 trace, we obtained a SBR value of > 100 for the
energy range up to 0.7 MeV, >10 up to 1.1 MeV, and >4 for even
higher proton energies. For the A/Z =2 trace, the SBR was >2 in
the energy range 0.05-0.125 MeV/nucleon and >3 in the range
0.125-0.55 MeV/nucleon. This indicates that the shielding of the
TS and the implementation of a double pinhole assembly
protected the detector from the incoming X- and gamma-rays
generated by the plasma and simultaneously allowed collecting a
sufficiently high number of particles for a good-quality signal.
Moreover, the traces did not exhibit the sinusoidal modulation
that are typically induced (if no special precautions are taken) by
the presence of EMPs in the RF spectrum, as it is reported in Ref.
[12] where very similar laser-plasma interaction conditions were
exploited but the TS device was place outside the interaction
chamber where the EMPs have significantly less intensity. This
indicates that the shielding against this type of radiation pro-
vided good protection to our device despite the presence of EMP
fields presumably in the order of magnitude of above 0.5 MV/m,
as measured at the PALS facility [37]. Our setup allowed to cover
a large solid angle, more than one order of magnitude higher
with respect to previous other setups where the TS was placed
1.5-2m far from target. This increases the actual sensitivity of
the TS and can actually qualify it as an effective diagnostic tool of
alpha products from low-rate nuclear fusion reactions with

unprecedented accuracy and SBR. In this preliminary campaign,
we used TR IPs for a fast testing and an assessment of the TS
features, especially the SBR, being these detectors very sensitive.
The same TS is already equipped with a metallic frame for using
CR39 detectors instead of IPs. This will be the main detector to
use in the future for actual detection of alpha particles, due to its
capability to discriminate incoming ions on the same trace,from
the different track diameters left on the CR39 after etching. In
this campaign, we evaluated the spectra of A/Z=1 and A/Z=2
traces for several shots. The maximum energy of protons varied
in the range 1.2-1.3 MeV, and for the A/Z =2 trace, considering
the case fully stripped of alpha particles, we obtained maximum
energies of 2.0-2.2 MeV (6.4-6.6 MeV in the case of C®" ions).
The quantitative analysis of the measured spectra of shot #56027
allowed us to estimate the minimum threshold of generated
alpha particles that leads to a signal that is detectable above the
background signal, generated by the C*" ions, given the con-
ditions of our experiment. Assuming that the presence of alpha
particles is detectable if the signal of the A/Z =2 trace is increased
by a factor of two compared to the case where only C®* ions are
present, we obtained ~014 generated alpha particles per
accelerated C°* ion as the minimum value. In terms of total
alpha particle energy with respect to the laser energy, we ob-
tained a minimum value of ~5.3 - 10~°. It is worth mentioning
that these threshold values can be significantly lowered by
implementing filtering techniques that aim at reducing the
quantity of detected C°* ions in the energy ranges of alpha
particles generated from laser-driven p+”B reactions [39, 40].
The results regarding the quantity of collected particles were
obtained by using the linear response curves of the IPs for the
energy ranges that are not covered by the calibration studies
present in literature. Generally speaking, the calibration of IPs
for low energy ions is still missing in literature, and we aim at
addressing it in future works to extend the capability of our TS to
provide full energy range calibrated spectra. In conclusion, we
have successfully tested our TS in a p+''B reaction experiment
with high energy laser, in a scheme and in experimental con-
ditions that, so far, demonstrated the maximum number of
alpha yield. The results of these tests clearly show that this
diagnostic can be efficiently used for high-sensitivity detection,
discrimination, and spectrometry of alpha particles produced in
experiments of p+''B nuclear fusion reactions in environments
with high-background values caused by high-energy and high-
intensity laser pulses.
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'The Lawson criterion for proton-boron (p-''B) thermonuclear fusion is substantially higher than that for deuterium-tritium (DT)
because the fusion cross section is lower and peaks at higher ion energies. The Maxwellian averaged p-''B reactivity peaks at
several hundred keV, where bremsstrahlung radiation emission may dominate over fusion reactions if electrons and ions are in
thermal equilibrium and the losses are unrestricted. Nonequilibrium burn has often been suggested to realize the benefits of this
aneutronic reaction, but the predominance of elastic scattering over fusion reactivity makes this difficult to achieve. The de-
velopment of ultrashort pulse lasers (USPL) has opened new possibilities for initiating nonequilibrium thermonuclear burns and
significant numbers of p-''B alpha particles have been reported from several experiments. We present an analysis that shows that
these significant alpha yields are the result of beam fusion reactions that do not scale to net energy gain. We further find that the
yields can be explained by experimental parameters and recently updated cross sections such that a postulated avalanche
mechanism is not required. We use this analysis to understand the underlying physics of USPL-driven nonequilibrium fusion
reactions and whether they can be used to initiate fusion burns. We conclude by outlining a path to increasing the p-''B reactivity
towards the goal of achieving ignition and describing the design principles that we will use to develop a computational
point design.

1. Introduction

Fusion is the dominant energy source in the universe and
occurs within the cores of gravitationally confined stars.
Thermonuclear weapons are a demonstration of a single-
shot, uncontrolled thermonuclear fusion device on Earth.
The multidecadal international research program to design
and construct a controlled thermonuclear reactor that
achieves scientific breakeven (fusion energy out equal to
energy invested in the fuel) is a testament to the difficulty of

creating the conditions for fusion burn and plasma gain
(fusion energy/input energy to the plasma>1) in a labo-
ratory device. Recent success in nearly achieving scientific
breakeven (fusion energy/incident laser energy) at the Na-
tional Ignition Facility (NIF) [1], recording multisecond
fusion burns in JET [2], demonstrating 20 Tesla magnet
operation by CFS [3], and expectations of even higher
performance in ITER [4], all using D-T fuel, have stimulated
a resurgence of interest in fusion as an environmentally
friendly energy source in the fight to control climate change.
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This, in turn, has led to an unprecedented influx of venture
capital to a growing number of companies that are pursuing
a wide variety of approaches to reaching and exceeding
scientific breakeven on the way to an economical and en-
vironmentally attractive fusion power plant. The science and
engineering challenges of moving from a successful dem-
onstration of scientific breakeven to such a fusion power
plant are formidable. For example, for ICF, the excitement
surrounding the achievement of significant yield on shot
N210808 (August 8,2021) is tempered by the fact that the
1.35M] of fusion yield obtained with an X-ray-driven
capsule in a hohlraum began with 300 M] stored in the
capacitor banks which energized the flashlamps that pum-
ped the Nd:glass NIF laser. The capsule in the hohlraum
absorbed about 225 k] of x-rays producing a capsule gain of
~6. While several implosions since August have produced
capsule gains greater than 1, no yields greater than 1 MJ have
been obtained to date. Further, the laser shot rate (one/day),
target fabrication rate (few/week or month), and many other
missing factors (e.g., target injection and tritium breeding)
need to be demonstrated or significantly increased to realize
a practical power plant.

The U.S. Department of Energy (DOE) has begun to hold
a series of Inertial Fusion Energy (IFE) workshops [5] to
explore the range of options for driving the target (direct or
indirect (X-ray) drive by lasers, pulsed power, or heavy ions)
and to collect a list of basic research needs for developing the
technologies and science required by an IFE reactor. The
DOE has been chartering studies and funding fusion re-
search for decades, primarily focused on magnetic fusion
systems (tokamaks), with no clear timeline of developed
metrics to achieve fusion power. However, the significantly
increased private funding investment is motivating serious
discussions with the government to establish exciting new
legislation that would create private-public partnerships
(PPPs) [6] to pursue the development and commercializa-
tion of fusion power plants. Such partnerships and legis-
lation could significantly accelerate the timeline as compared
to government-only projects. Further, following the suc-
cessful partnership between NASA and multiple commercial
spacecraft companies, a fusion PPP program should provide
a parallel, competitive development path for fusion reactors.

HB11 Energy Pty LTD is a startup company for the
purpose of developing an IFE power plant based on the
proton-boron-11 (p-''B) reaction. There are several articles
that describe the HB11 roadmap [7] for translating their
original patents [8] into a fusion power plant. The baseline
approach calls for igniting a nonthermal H-B reaction
through laser ion acceleration of protons toward a ''B-rich
fuel, confining the burning plasma in a laser-generated
magnetic confinement system, further increasing the yield
through an avalanche reaction, and generating electricity by
direct capture of the energetic fusion alpha particles. The
patents are based on a series of theoretical papers that have
been published over many years and have been awaiting
experimental testing. The development of ultrashort pulse
lasers (USPL) has opened new possibilities for initiating
nonequilibrium thermonuclear burn, and significant num-
bers of p-''B alpha particles have been reported from several
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experiments that cite Prof. Hora’s HB11 references. In
subsequent sections, we report on our analysis of these
experiments and what they inform us about the roadmap
approach to developing a reactor for the p-''B reaction.

Proton-boron fusion is attractive because the reaction is
aneutronic, produces limited radioactive waste, uses a stable,
abundant, and nonradioactive fuel that avoids the engi-
neering challenges of breeding, and has the possibility of
higher energy conversion efficiency than a thermal cycle.
However, it is well known that the Lawson criterion for
p-''B is substantially higher than that for D-T because the
fusion cross section is lower and peaks at higher ion energies.
Therefore, the p-''B reactivity for Maxwellian ion distri-
butions peaks at significantly higher temperatures than for
DT. Further, if the plasma electrons are in equilibrium with
the ions, there are concerns that bremsstrahlung radiation
losses, given the relatively high charge state of boron (Z=5),
may dominate over fusion reactions across the parameter
space, making net energy gain impossible. A recent article
[9] presents the framework of a generalized Lawson criteria
to allow comparison between various fusion fuel cycles and
fusion devices across the range of magnetic, inertial, and
magnetized concepts. Their analysis of the p-''B burn using
the standard fusion cross section and radiation rates con-
cludes that ignition is not possible unless the electron
temperature is lower than the ion temperature by a factor of
3-5. However, another recent paper [10] reports finding
higher reactivity (~30%) using an updated cross section [11],
as well as accounting for the kinetic effects of reaction
products on the proton spectrum via a Fokker-Planck
model. The authors conclude that ignition may be theo-
retically possible in the magnetic confinement device that
they considered.

2. Neutron Yields from Laser-Driven
Experiments with Deuterium Targets

The invention of the techniques of chirped pulsed ampli-
fication by Strickland and Moreau [12] greatly expanded the
intensity horizon for laser-target experiments and was
recognized with the 2018 Nobel Prize in Physics. High in-
tensity short pulse lasers also opened new alternatives to the
standard hot spot ignition approach to ICF. For example, in
1994, Tabak and colleagues proposed [13] to use ultra-
powerful lasers to create a focused beam of hot electrons to
locally heat and ignite a portion of a dense ball of DT that is
precompressed by temporally shaped nanosecond laser
beams to assemble the fuel in a high-density isochoric
(constant density) state. This so-called “fast ignition” scheme
separates the implosion of the fuel from the ignition process
and thereby relaxes some of the constraints on implosion
symmetry and the generation of mix. However, the efficiency
of the generation and transport of hot electrons to the
imploded fuel is complicated by the strong electrostatic
fields that are generated (c.f. [14]). Early experiments on the
world’s first petawatt laser at LLNL showed high-energy
proton generation that has also motivated proton-driven fast
ignition [15]. Experiments have also shown the ability to
focus the proton beam by shaping the target, and the
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isochoric heating of targets by the protons has also been
demonstrated. Research is underway to explore both fast
ignition concepts. As previously mentioned, HB11 proposes
to use USPLs to accelerate protons and initiate a non-
equilibrium burn of the boron fuel, which requires detailed
knowledge of which elements of the laser-target interaction
have the greatest impact on fusion reactivity.

Analysis of neutron yields from experiments with USPL-
irradiated deuterium targets can give valuable insight into
the laser-target interaction physics because they have been
widely performed and neutron activation and time-of-flight
(TOF) are standard diagnostics at most laser facilities.
Further, neutrons are not attenuated by the target material,
nor are they influenced by electromagnetic fields. Therefore,
they clearly reflect the fusion processes within the target. For
example, in 1998 Norreys et al. [16] irradiated cryogenically
cooled deuterated targets at up to 10" W/cm? and measured
the resultant neutron fluxes to gain insight into the laser
plasma interaction process leading to deuteron acceleration.
Their analysis showed that the neutron production was
consistent with inflight D-D beam fusion reactions created
by fast deuterons that are accelerated by the strong laser-
generated fields, rather than thermonuclear fusion from a
heated fuel region. Specifically, Norrey’s paper shows a
neutron TOF peak at 2.45MeV for a laser intensity of
9x 10" W/cm?, but shows a much broader peak extending
to higher neutron energies at 5x10"® W/cm? which is
consistent with deuteron acceleration to higher kinetic
energies.

The first important insight that we get from these early
experiments is that, at these intensities, the laser-target
interaction physics requires the incorporation of kinetic
particle interactions with the plasma that go beyond a single
fluid model. That is, the hot electrons and accelerated fast
ions are not in equilibrium with the background plasma, and
these fast particles penetrate through the background fluid
and lose energy and scatter primarily through Coulomb
interactions, as described by a Fokker-Planck model. The
fact that these fast particles have extended ranges accounts
for the lack of localized plasma heating to thermonuclear
temperatures. It also precludes the generation of strong
shocks, which require a localized region of high-pressure
region (piston) and a lack of preheating beyond the shock
interface. This means that a single fluid, or even a two-fluid
model, such as that of Lalousis et al. [17], cannot accurately
capture the essential physics of this interaction.

As described by Krasa et al. [18], other researchers have
performed a variety of experiments to measure fast ion fluxes
and D-D neutron production from laser-target interactions
at fs, ps, and sub-ns pulse durations on several different laser
systems. Interestingly, Figure 6 from his paper (reproduced
above as Figure 1) shows that the measured neutron yields
are consistent with the total laser beam energy across three
orders of magnitude in laser pulse duration, except for the
N98 data point [16], which is unique in that it had a
cryogenic deuterium target, as will be discussed in more
detail at the end of Section 4. This suggests that the

integrated number of neutrons produced via beam-fusion
reactions is relatively insensitive to the details of the in-
teraction physics, which are a complicated function of laser
intensity, wavelength, and contrast ratio (ratio of the pre-
pulse to the main pulse of the laser). For this set of ex-
periments, the fast ion spectrum within the target is almost
certainly different for lasers with different pulse durations
and thereby different focal intensities, as was seen in the
Norreys paper. This insensitivity in total yield may be at-
tributed to the fact that beam fusion reactions appear to be
dominant and the number of inflight reactions is a con-
volution of the reaction cross section over the ion stopping
power, as described in equation (1). This means that for
targets that are thicker than an ion range, the inflight nuclear
reactions will occur from the highest ion energy down to
energies where the cross section becomes negligible.

E, -1
Y (E,) = JO 0(E)<Z—i) dE. (1)

Equation (1): Thick target inflight reaction yield for an
incident particle with an initial ion energy E,

As will be discussed in more detail in Section 5, as laser
intensity increases, so does the hot electron temperature and
corresponding fast ion energy. This means that as the laser
intensity increases, the fast ions are sampling higher energy
portions of the nuclear cross sections. Figure 2 shows the
tusion cross sections for D-T, D-D, and p-B11 as a function
of center-of-mass (COM) ion energy. Standard approaches
to thermonuclear fusion, such as ICF and magnetic fusion
energy (MFE), are focused on the reactivity of Maxwellian-
averaged thermal distributions of ions, meaning that they are
primarily focused on the accuracy of the low-energy portion
of the cross section. Beam fusion reactions sample the cross
sections downwards from the highest energy as the ions lose
energy through inelastic collisions with electrons. This
means that the accuracy of nuclear reaction yields, as cal-
culated by equation (1), is sensitive to the high-energy
portion of the cross sections, which may not be as thor-
oughly studied. Further, often fusion cross sections are
presented as fits to analytic functions over specified energy
regimes. For example, Table IV in Bosch and Hale [19] lists
the parameters for the cross section fit for DD reactions in
the energy range 0.5-5000 keV, which is more than adequate
for computing thermal-averaged fusion reactivities. Beyond
this range, it is important to look for experimental data
points, for example in the EXFOR Experimental Nuclear
Reaction Database [19]. There is limited data above for D-D
fusion cross sections above a few MeV, so there is greater
uncertainty in this region. Regardless, the data shows a
decrease in cross section at higher deuteron energies, which
helps explain the relative insensitivity of D-D neutron yield
with laser intensity (peak deuteron energy), because all
deuterons with energies above a few MeV generate their
maximum yield as they slow down through the
100-1500keV region, making their integrated reaction yield
roughly constant.



Laser and Particle Beams

100

10°

10°

Neutron Yield

10*

10°
10 10° 10

A fslasers
B pslasers

102 10° 10* 10°
Energy [J]

@ sub-nslasers

YBL

FiGgure 1: Neutron yield as a function of laser energy for fs, ps, and sub-ns lasers (Krasa Figure 6).

Fusion Cross Sections

10
10°
s
ER
3
2 107
1%
g
QO
107
10
10° 10 10? 10° 10*
COM Energy (keV)
— DT
DD
—— P-Bl11

FIGURE 2: Nuclear fusion cross sections as a function of COM energy.

3. Alpha Yields from Laser-Driven
Experiments with Boron Targets

One of the datasets in Figure 1 is from experiments reported
in 2004-2006 by Belyaev and collaborators in Russia [20].
They reported measuring a considerable neutron yield of
5x10* per pulse from the irradiation of the surface of a solid
deuterated target by a picosecond laser plasma at an intensity
of 3x10"7 W/cm?. In 2006, they also reported on the del-
eterious effects of laser prepulse on neutron production and

the importance of maintaining a good contrast ratio. In
2005, Belyaev used the same “Neodymium” laser facility to
irradiate targets containing ''B and reported on the first
observation of alpha particles that escape the target from the
neutron-less p-''B fusion reactions at peak intensities of
2x10"® W/cm?® [21]. Their reported yield was 10°a/pulse
(meaning per shot). However, their a particle diagnostics
were less mature than the neutron diagnostics that were used
in the deuterium experiments, and they are inherently more
difficult to field due to the shortness of their range and the
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dependence on CR-39 track detectors as a primary mea-
surement tool. Kimura et al. revisited the analysis techniques
and reported that the total yield was underestimated by at
least a factor of 100, making the true yield 10° per pulse [22].

Since 2005, there have been a series of laser-driven p-''B
experiments at several different facilities (Labaune et al.
[23, 24], Picciotto et al. [25], Margarone et al. [26], Baccou
etal. [27], Tayyab et al. [28], Giuffrida et al. [29], Margarone
et al. [30], Bonvalet et al. [31], TPW [32], Margarone et al.
[33]) and the measured alpha particle yields have shown an
impressive increase, as seen in Figure 3. A common goal of
these experiments has been to maximize the generation of
high-energy protons via laser-driven charged particle ac-
celeration (CPA) and to interact these protons with boron-
containing targets to generate alpha particles via the p-''B
reaction. Some of these experiments were performed in an
“in-target” geometry, where the laser directly irradiates a
solid target, and the accelerated protons interact with the
bulk material. This is the geometry that Belyaev used in his
initial experiments. Direct irradiation of monolithic in-targets
allows the laser and fast electron energy to be deposited within
the target material, and analysis of the interaction needs to
account for the temperature dependence of the proton
stopping power as it is transported in the medium. Many
other of these experiments were performed in a “pitcher-
catcher” geometry where the protons are generated from a
laser-irradiated thin foil (the pitcher) and collide with a
second target (catcher), thereby undergoing beam fusion
reactions. In this case, the catcher target is normally an
unheated solid, except for the Labaune experiment, where a ns
laser was used to heat the catcher.

Given that there are relatively few of these experiments,
it is remarkable that they represent such a wide variety of
laser parameters, target geometries, and target compositions,
as seen in Table 1. We see that experiments have been done
at a variety of wavelengths, with laser energies varying from
15] to 1.4 kJ, laser pulse widths of 25 fs to 300 ps, and focused
intensities “I” from 3 x10'® to 2 x 10*". The experiments on
the Ti: Sa laser system at the Laser Plasma Division, RRCAT,
India [28] had the shortest 25 fs pulse width and focal in-
tensities of 1x10°°. This ensemble of experiments also
encompasses a broad range of laser prepulse or contrast
ratios. Specifically, only the Labaune, Tayyab, and Hegelich
experiments had low prepulse (high contrast ratio). The
others had more significant prepulse energies that created
plasma blowoff prior to the peak intensity and could modify
the interaction physics. In Figure 3, the left-hand scale in-
dicates the absolute particle flux (particles/sr), while the
right-hand scale is normalized to the laser energy delivered
on target (particles/sr/J). In subsequent sections, we will try
to explain the underlying physics that governs the trends in
the data, especially the normalized alpha yield per joule of
laser energy, which reflects the relative energy gain of the
fusion process. This rapid increase in alpha-particle flux
from CPA-driven experiments over the past 17 years has
been quite impressive, and the apparent ease of generating
substantial yields has led to speculation that energy pro-
duction from nonequilibrium aneutronic fusion is on the
horizon. What does this data tell us about energy gain?

The p-''B reaction has a Q-value of 8.76 MeV, and this
energy is partitioned between three alpha particles. From a
target physics perspective, it is interesting to note that p-''B
has roughly half the Q-value of D-T, but because 80% of the
D-T energy is carried by a 14.1 MeV neutron, the alpha
particle only has 3.5 MeV. This means that the target heating
via alpha deposition is 2.5 times larger for p-''B than for DT,
which will be an important consideration when calculating
fusion reactivity. The p-''B Q-value can be used to calculate
that 1kJ of fusion energy is equivalent to 2.15x 10" alpha
particles. Therefore, we can define scientific breakeven, which
we define as fusion energy out equal to laser energy in, to be
2.15x 10'* alphas/]. This means that the maximum normal-
ized yield for this suite of experiments is at most 10™* of
scientific breakeven. As we shall discuss in more detail, despite
the seductively large numbers of alpha particles seen in these
USPL-driven experiments, the best yields are consistently
associated with a proton acceleration efficiency of ~10%
coupled with an inflight reaction probability of 107> to 10~
In the following sections, we will perform a deeper analysis of
these experiments to discover what physical mechanisms
produce the highest gains and how they might be harnessed to
realize significant fusion gains in future target designs.

4. Comparison of Alpha Particles and DD
Neutrons from Laser-Driven Experiments

Another way to view the data from Figure 3 and Table 1 is to
plot the alpha particle yields as a function of laser energy on
the same DD neutron yield plot of Figure 1. In fact, Figure 3
of Reference [34] and Figure 4 of Reference [35] show the
Krasa data with faint p-B11 data points sketched onto the
plot. A key point of the discussion in these papers is the
nonthermal nature of the reactions in both cases, and there is
mention that it is surprising that the proton-boron data lies
above the neutron yield line and that this might indicate that
there is some missing physics in USPL-driven experiments
that increases the proton-boron fusion reactivity. Figure 4
shows the alpha particle yield from Figure 3 mapped onto
the Krasa neutron yield seen in Figure 1. The ovals for the
Belyaev and TPW data denote the range of yields from
different experimental configurations. The results for PALS
and LFEX extend beyond the limits of the original plot,
emphasizing the higher yields for p-B'' than for D-D for
these laser-driven experiments.

Our analysis shows that the inflight reactivity of protons
on ''B is higher than that of deuterons on deuterium, such
that the yields should be higher; it is important not to
confuse these D-D reactions with the higher values expected
for D-T fusion. This can be seen in Figure 5, which shows the
thick target yields for protons on boron and deuterons on
CD, as a function of initial projectile energy, as calculated by
equation (1) using appropriate ion stopping powers and
fusion cross sections. This analysis shows that these results
can be explained by the higher cross section for protons on
boron, as well as the greater ion acceleration efficiency of
protons as compared to deuterons. The omnipresence of
hydrogen in materials, coupled with their 1:1 charge-to-
mass ratio as compared to 1:2 for deuterons, makes them
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TaBLE 1: Summary of facility and laser parameters for p-B11 experiments since 2005.

Year Laser Where A () Energy (J) I (W/em?) 7 (ps) Type Alphas #/sr
Hegelich 2022 TPW Texas 1 80 2E+21 0.14 Pitch-catch 4e+9
Margarone 2022 LFEX ILE 1.05 1400 3E+19 2 Intarget 1.2e+10
Bonvalet 2020 LFEX ILE 1.05 1400 3E+19 2.7 Pitch-catch le+9
Giuffrida 2020 PALS Prague 1.315 600 3E+16 300 Intarget 3e+10
Tayyab 2019 150 TW Ti:Sa India 0.8 2.5 1E+20 0.025 Pitch-catch ~1.4e6
Baccou 2015 ELFIE LULI 1.056 12 1E+19 0.35 Pitch-catch le+8
Margarone 2014 PALS Prague 1.315 500 3E+16 300 Intarget le+9
Picciotto 2014 PALS Prague 1.315 600 3E+16 300 Intarget le+9
Labaune 2013 Pic02000 LULI 0.53 20 6E+18 1 Pitch-catch le+7
Belyaev 2005 Neodim TW Russia 1 15 2E+18 1.5 Intarget 1.3e+5

more plentiful and easier to accelerate within a Child-
Langmuir framework [36].

As mentioned previously, we note that the N98 neutron
data point of Norreys et al. [16] lies significantly above most
of the other data points, as has been discussed in [34]. As
previously discussed, the neutron TOF data for this ex-
periment shows that the D-D fusion reactions are not
primarily thermonuclear and are instead due to inflight
reactions by deuterons accelerated to MeV energies by
nonlinear ponderomotive forces. We reiterate that this is
consistent with the creation of both kinetic fast electrons and
accelerated fast ions, which are kinetic in nature. These fast
particles distribute the coupled laser energy in a nonlocal
manner, and the fast ions undergo inflight fusion reactions
that sample the peak fusion cross sections in the MeV energy
regime. The fact that the N98 experiment achieved

significantly higher neutron yields than the NO5 results can
be explained by the fact that it used a frozen, cryogenic
deuterium target that was able to accelerate significantly
more deuterons than a CD, target (P. Norreys, email
communication, Nov 28, 2020), where significant laser
energy is parasitically expended in the ionization and ac-
celeration of carbon ions and adsorbed hydrogen (protons).

5. USPL Intensities Create Fast Electrons
and Ions

The development of chirped pulse amplification in 1985
enabled the generation of high intensity laser beams by
USPLs, which in turn have opened new frontiers in high field
physics and many different modalities of charged particle
acceleration by laser-generated fields. It is useful to
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understand some of the fundamental physics associated with
short pulse laser interactions with matter (cf Gibbon [37]) to
gain insight into present and future p-''B experiments, as
well as to speculate how they might be used in future gain
producing targets. For example, the generation of high
charge states of carbon via multiphoton and tunneling
ionization can be understood via the following appearance
intensity:

Eon\!
~ 9 ion -2 -2
Ipp = 4x10 (W) Z(Wem™). (2)

Equation (2): Appearance intensity for ions due to
multiphoton and tunneling ionization.

Table 2.1 of Ref [37] lists the ionization energies for H,
C**, and N°* as 13.61, 64.5, and 97.9 eV, respectively, with
a corresponding appearance intensity of 1.4x 104,
4.3x10", and 1.5x10'® W/cm?. Referring to Table 1, we
see that all the proton-boron experiments exceed these
appearance intensities, meaning that high charge states of
carbon, nitrogen, and any other similar atoms will be
highly ionized and competing with protons to be
accelerated. In fact, the ionization energies for B>*, C°",
and N”* are roughly 340eV, 490 eV, and 667 eV corre-
sponding to an appearance intensity of 2.14x 10'8,
6.4x10'®, and 1.62 x10"* W/cm?, which means that the
most recent experiments on ELFIE, LFEX, and TWP are at
intensities that can fully strip atoms up through nitrogen.
To maximize proton-boron reactions, we want to maxi-
mize the laser energy coupling to the protons, so avoiding
energy-sapping higher Z ions is required. To begin with ,
the number of protons that are accelerated is proportional
to the total laser energy, and the proton spectrum is
characterized by the normalized vector potential a, as
given below, which is a measure of the nonlinear force. I,
is the laser focal intensity in units of 10'"® W/cm® and 1, is
the laser wavelength:



ay = 0.8551; (ym)wlls(Wcm_z). (3)

Equation (3) shows the normalized vector potential.

Table 2 lists the wavelength and maximum intensity of
the experiments in Table 1 by laser system, as well as a,
and the hot electron temperature Th as estimated by Wilks
et al. [38] (equation 5.86 in [37]). The final column in the
approximate maximum reported proton energy. We see
that all experiments have been performed at relativistic
intensities of 10'®* W/cm?® for 1 micron light and above,
except for the long pulse experiments on the PALS laser.
Collisionless heating by a laser generates bi-Maxwellian
proton distributions, the details of which depend on
factors such as the peak laser intensity, contrast, and total
energy. For example, preliminary data from Shot 13279 on
the Texas PW is seen in Figure 6. The 0.6 PW focal in-
tensity of the TPW shots is the highest of any experiment
thus far and generated protons with energies of up to
68 MeV. The data for this shot has been represented as
follows [32]:

dN
E = Asoft

Equation (4) shows the Bi-Maxwellian proton distri-
bution function.

Where
Aparg =2.09% 107,
and Th,q=27.5MeV. The hard portion of the spectrum
comes from the initial interaction of the high-intensity beam
with the solid target, while the soft portion of the spectrum
comes from the interaction with the evolving blowoft
plasma. The larger the laser energy, the more expanding
plasma that will be created and the more ions in the “soft”
spectrum, although their peak KE increases with laser en-
ergy. Using a plasma mirror, TPW delivers about 80] of
energy to the target. Integrating the proton distribution for
this shot yields a conversion efficiency from laser to proton
energy of ~7%. Reference [31] shows a somewhat softer
spectrum for experiments on LFEX (~30-35 MeV), which is
consistent with the focal intensity being lower. The higher
peak proton number is also consistent with the great laser
energy (~1.3kJ). The conversion efficiency for LFEX is also
estimated to be <10%. Also, no plasma mirror was used at
LFEX, and the intrinsic laser contrast is only ~107% [39], two
factors which imply the creation of a larger, expanding
“preplasma” due to the laser prepulse.

The PALS experiments have been performed at
3x10'*W/cm?, corresponding to ag~0.2, meaning that
the nonlinear forces are small (although the authors argue
that probably self-focusing was increasing the effective
laser intensity by up to a factor of 10). In this case, the
acceleration mechanism is probably due primarily to
interactions with the blowoff plasma. The significant
number of protons up to ~1.5MeV is consistent with the
500-600] of laser energy at this low focal intensity. The
three PALS experiments listed in Table 1 report ap-
proximately consistent proton numbers.

e_(E/Tsnfl) + Aharde_(E/Thard)' (4)

Ao =5.67 x10°, Teore=1.19 MeV,
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TaBLE 2: Normalized vector potential and hot electron scaling by
laser system.

Laser A L ao Ty, (Wilks) (keV) EP (MeV)
TPW 1 600 209 10.2 68
LFEX 1.05 30 4.9 2.05 30-35
Pico200  0.53 6 1.1 0.25 5-6
Neodim 1 2 1.2 0.29 ?
PALS 1.315 0.03 0.2 0.01 1.5
TPW Proton spectrum
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FIGURE 6: TPW data shot 13279, intensity 1.8 x 102 W/cm?, 108 ] in
144 fs, 50% energy focal radius of 4.1y and strehl of 0.7.

6. Nuclear Cross Sections and Ion
Stopping Powers

As seen in equation (1), the two elements that determine
the reaction probability of an individual proton are
the nuclear cross section and the proton stopping power.
The alpha particle yield for the experiments in Table 1
is calculated using the p-''B cross section. As noted
above, Sikora and Weller (SW) have reported a higher
p-'"'B in the few MeV energy range that results in an
approximately 30% increase in reactivity, as published
by Putvinski. Figure 7 shows the Sikora and Weller
(SW) data compared to the older EXFOR data. We note
that the SW data only extends to a proton energy 3.5 MeV
so for our calculations at higher proton energies, we
used EXFOR data [40] to extend the cross section to
20 MeV and added an estimated point at 100 MeV. The
figure also shows the evaluation of the Nevins cross
section fit, which is often used for computing the fusion
reactivity of thermal plasmas. We note that the Nevin fit is
also only valid up to 3.5MeV, which is sufficient for
evaluating thermal reactivity, but significantly overesti-
mates the cross section above about 5MeV and gives
erroneous results when used to calculate the yields for
experiments on LFEX and TPW that exceed this energy,
as we shall see in the next section. The green data points
are EXFOR data for the HB(p, n)"'C endothermic nuclear
reaction (-2.765 MeV). Counting the 20.364 min half-life
of the ''C decay via positron emission gives data on the
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FIGURE 7: Sikora-Weller p-B11 cross section (red) compared to
EXFOR data (blue) & Nevins fit; the green curve is the 11Bpn11C
reaction.

integrated number of inflight proton reactions, which
supplement alpha particle track counting of the ''B(p,
2a)*He fusion reaction.

Proton stopping power is the other important factor in
calculating the in-flight fusion reaction yield. Figure 8
shows the stopping power and range of protons in bo-
ron at normal density, as calculated by the enhanced RPA-
LDA (eRPA-LDA) model of Gu et al. [41], and as a function
of plasma temperature. We see that as the plasma electrons
become hotter, their stopping power decreases for energies
below the so-called Bethe regime, where dE/dx is pro-
portional to 1/E. Lower stopping power results in a longer
ion range, which in turn results in higher inflight reactivity.
The ranges are given in units of density thickness (g/cm?)
for normal density boron (2.34 g/cc). Similar results would
be obtained for lower-density boron foams or expanding
plasmas, except for minor modifications due to changes in
the ionization state. The results corroborate the calcula-
tions in Giuffrida et al. [29] which report that the alpha
particle yield is increased by ~10x if the target is heated to
1keV. Heating the catcher plasma with a ns laser to in-
crease the proton range and fusion alpha yield was also the
rationale behind the experiments performed by Labaune
et al. at LULL

The eRPA-LDA model can also accurately calculate the
proton stopping power and range in plasmas of increasing
density, where electron degeneracy becomes important. In
Figure 9 we see that proton stopping power decreases and
range increases as the plasma becomes increasingly dense
and degenerate. Degeneracy affects the stopping of all ions in
the plasma, including the fusion alphas, and has been
proposed to create “chain reaction fusion” [42], which is
related to the concept of avalanche which has been recently
proposed to increase p-B11 yields [43]. Electron degeneracy
effects are important when the plasma temperature is less
than the Fermi temperature, which is given by the following
equation:

Ep 5)

i (3n,\ @)
- 2m, ( n ) '

Equation (5): Fermi energy as a function of electron
density #,.

We find that the Fermi energy is of the order of 10eV at
solid density, 250 eV at 100x solid density, 1.2 keV at 1000x,
and 250keV at 10°x. The eRPA-LDA model can self-con-
sistently calculate stopping power in both dense and hot
material, and we have plans to incorporate this model into
hydrodynamic and hybrid burn codes.

A detailed analysis of the necessary conditions to achieve
chain reaction fusion or avalanche is beyond the scope of this
paper, but we plan to use our eRPA-LDA stopping power
model to explore this regime of fusion burn space in the near
future.

7. Thick Target Yields and Convolutions over
Experimental Proton Spectra

We now use the cross sections and stopping powers of the
previous section to evaluate the thick target yields for the
p-""B and the "'B(p,n)"'C nuclear reactions for protons with
energies of up to 100 MeV in BN at cold, ambient conditions,
as seen in Figure 10. Our calculations show that using the
Nevin fit rather than our extended SW cross section points
to calculate the thick target yield leads to almost 10x errors at
100 MeV proton energies. Although contributions to the
thick target yield using the SW cross sections become
negligible (few millibarns) above energies of about 20 MeV,
it would be useful to have more high-energy data points to
ensure the accuracy of the integrations. As long as the target
is more than a range thick, the higher-energy protons
eventually slow down through the peak of the cross section
and create the peak number of alphas, however, at a di-
minishing efficiency of alpha production per proton energy.
We note that the range of a 1MeV proton is about 12
microns, at 40 MeV it is ~1 cm, and at 100 MeV it is 4.4 cm,
so high energy protons can penetrate some thin targets
without interacting. Further, because the average range of a
p-''B alpha particle is ~15 microns, many of the alphas will
not escape a thick target and register on CR-39 track film, as
previously mentioned. We see that the thick target yield for
"'C has a similar magnitude and energy dependence to the
p-''B yield, so coincidence counting of the positron emis-
sion can provide a valuable cross-check to CR-39 track
counting. For the experiments performed at PALS and LULI,
the higher SW cross section in the few MeV range results in
higher thick target yields, which can help explain why the
experimental results are said to be higher than anticipated.

We can now convolve the reaction integral with the bi-
Maxwellian proton spectrum to calculate the total alpha
particle and ''C yield for comparison with the experimental
results for TPW shot 13279, as seen in Table 3. The values in
this table do not yet include a final normalization due to the
solid angle, and the absolute magnitude should be about a
factor of 100 higher. The first row lists the integrated total
proton number in the bi-Maxwellian as well as the hard and
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FIGURE 9: Proton stopping power and range in boron using the eRPA-LDA model for varying plasma density.

soft contributions. We see that there are roughly 10x more
protons in the soft than in the hard part of the spectrum. The
next row lists the total proton energy as well as its spectral
components, showing that the hard spectrum contains more
energy than the soft. The third row lists the total number of
p-''B reactions (multiplied by 3 for alpha numbers) as well
as the spectral contributions. It is interesting to note that
there is almost a 50: 50 split in the hard-to-soft production
for this shot. The final row lists the total number of ''C
producing reactions, which we see is of the same order of
magnitude as the alpha particle production.

8. Beam Fusion Reactions

The results from TPW shot 13279 can be compared with
those of the other experiments listed in Table 1, which span a
broad space of intensity and laser energy, in an attempt to
uncover the underlying physics that are common to all of
them, namely, that the alpha particles are being produced by
in-flight beam target interactions. As previously noted, laser-
target interactions at these intensities generate both fast
electrons and ions that kinetically stream through the target
material. While the fast ions are relatively efficient at
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TaBLE 3: Integrated proton number, energy, and nuclear reactions
for TPW #13279.

Total Hard Soft
Proton # 7.30E + 09 5.50E + 08 6.75E + 09
Proton energy (J) 3.72E-03 243E-03 1.29E-03
pB11 reactions 1.70E + 06 8.51E+05 8.38E+05
C11 reactions 2.50E + 06

producing inflight fusion reactions, the interaction does not
produce the localized energy concentration required to drive
a fusion burn wave in normal density material, such as
described in the fluid models of Chu and Lalousis [44, 45].
Further, it is well known that beam fusion reactions do not
scale to net energy gain, as can be seen in the following
simple analysis. The mean free path (mfp) to a p-''B fusion
event in boron with a density of 2.1 g/cm” is given by the
following equation:

1

mfpfusion = Z(E)71 = -
Nboronapbll (E)

~ 6.1(cm). (6)

Equation (6): Proton mean free path to fusion even in
normal density boron.

We see that using the optimistic peak cross section of
1.4 barns, the mean free path to a p-boron fusion reaction is
about 6cm. This means that a proton with energy
E>660keV must travel on average through 6 cm of pure
boron at normal density for the probability of a fusion
reaction to be 100%. However, the electronic stopping power
of a proton in boron is such that the range R, for a 1 MeV
proton is about 12ym and the stopping time is ~1.8ps.
Therefore, back-of-the-envelope probability of fusion before
slowing down is given by the following equation:

R 0.012 _
e ST (7)
mpf 6cm

Equation (7) shows the ratio of proton range to fusion
mean free path.
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This is an overestimate of the probability because the
peak cross section is a relatively narrow resonance and the
cross section is negligible below about 100keV, as seen
above. Using the proton stopping power shown above, we
find that the range of a 1 MeV proton in BN at ambient
density (2.34 g/cc) and temperature is 3.2 mg/cm®, which is
~13.7 u and the corresponding thick target yield for p-B11
reactions is 6.6 x 107>, Given that the exothermic “Q-value”
of the p-B11 reaction is 8.76 MeV, the gain of any one fusion
reaction is of order 10, so a significant net gain requires
many fusion reactions to be caused by a single proto-
n—either through a “fusion flame” detonation process or by
an avalanche or chain reaction fusion mechanism. This will
be the topic of the next section that discusses the target gain
requirements for a practical fusion power plant.

9. Target Gain Requirements for a Fusion
Power Plant

The National Academy of Engineering has identified
“providing energy from fusion” as one of the 14 top grand
challenges of engineering [46]. Achieving scientific break-
even has been a multidecadal quest that has engaged the
international research community. The NIF results have
shown that the computational tools, target design principles,
and driver and target fabrication that have been developed
for ICF have put us on the path towards fusion energy.
However, as startup companies, such as HB11 energy, at-
tempt to fast track the development of a fusion power plant,
it is important to keep in mind the target gain requirements
that can be identified through a fundamental engineering
power balance.

Figure 11 shows a simple power loop for a laser-driven
IFE powerplant that HB11 has been using to develop the
initial HB11 Energy techno-economic model. A key feature
of fusion, especially IFE, is that the system functions as a
power amplifier and not as a power source. That is, the
fusion power available for conversion into electricity is
proportional to the power on target multiplied by the target
gain, G. In turn the power delivered to the target is the
product of the laser power and the laser efficiency, #. The
electrical power is determined by the generator conversion
efficiency ¢, and the power available to the grid is the
generated power minus the power for the laser.

The following relations are useful in evaluating the key
parameters of this model. The recirculating power fraction is
given by f=1/exG. This analysis neglects the multiplication
factor that can be present with D-T breeding blankets. En-
gineering breakeven is defined as f= 1, where the powerplant
produces just enough power to operate. A recirculating power
fraction f=0.25 has been suggested as a starting point for
nuclear fusion, and f< 0.1 is typical of nuclear fission reactors.
The minimum target gain for operating at a given recircu-
lating power fraction is given by G = 1/ef. This relation leads
to the simple rule of thumb, #G > 10, for a practical power
plant. For a thermal power conversion system with ¢ of
36-40%, #G =10 corresponds to a recirculating power frac-
tion of ~25%, while a value of 20 drops that fraction to about
10%, which is desirable for achieving the lowest cost of
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electricity (COE) for the plant. For a 10% laser efficiency, this
means achieving a target gain of at least 100 to 200 to achieve
energy production at today’s prices ($100-$300/MWh),
which is the topic of the final sections of this paper.

Two other relations that are useful in our preliminary
technoeconomic analysis of an IFE powerplant are (1) Pgyia/
Piaser = €G — 1/, which is the ratio of the grid and average
laser powers and (2) Plaser = Pgria/ (¢G — 1/17), which gives the
required laser power to supply Pgiq for given gain, con-
version efficiency, and laser efficiency. The repetition rate
needed to determine average laser power is likely to be
5-10 Hz, which has been the basis for most DT IFE system
designs. Figure 12 shows the curves of Py, as a function of
target gain G to deliver 100 MWe to the grid for two different
electrical conversion efficiencies (40 and 80%) and for laser
efficiencies # of 2.5, 5, 10, and 20%. The 40% number is
typical of an optimized thermal system. The 80% value is
what might be possible if the fusion alpha particles can be
directly converted to electrical power, the details of which
are beyond the scope of this paper.

There are a couple of qualitative trends that can be seen
in this data. First, the required laser power for a fixed power
plant output is significantly lower if direct energy conversion
efficiencies can be realized. Second, the impact of increased
laser efficiency is diminished as the target gain increases.
Finally, target gains of 200 are sufficient for practical power
production at the higher conversion efficiency, while ther-
mal conversion efliciencies will likely require even higher
gains. While these gains are theoretically possible in target
simulations, it is important to note that the best NIF shot has
achieved G~0.75 at a delivered laser energy of ~1.8 MJ to an
x-ray-driven DT target. The capsule gain, however, was close
to 6. Achieving fusion ignition for DT has been hard, and the
path to a practical power plant is still a work in progress. In
the following section, we will use what we have learned about
USPL-driven aneutronic fusion reactions to outline a pro-
cedure for identifying regions in the burn space where p-''B
has sufficient gain to enable power production.

10. Roadmap to Increasing p-B11 Reactivity and
Developing Target Point Design

We have seen that USPL irradiation of boron targets has
produced significant alpha yields, but that the beam fusion
basis of these aneutronic fusion reactions does not scale to
ignition, much less the required gains of 200 required for
practical power production. (Please note that some of the
material in this section has been directly reused from the
authors’ unpublished white paper for the DOE Inertial
Fusion Energy Basic Research Needs Workshop [5, 48])
Further, we find that the target parameters outlined in the
HB11 roadmap paper [7], namely 30 k] of USPL energy in a
~100 4 diameter spot in 1 ps, which translates to ~10*° W/
cm?® do not make sense in the light of what we have learned
from the experiments listed in this paper. In particular, the
LFEX and TPW experiments at 10" to 10*' W/cm” clearly
show that the laser target interactions generate ions with
energies of 10-100 MeV that are kinetic and interpenetrate
the target, rather than concentrating the energy in a thin
region and generating strong detonation shocks.

As seen in equation (8), thermonuclear fusion power
density and reactivity scale with the square of the ion
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density, so conventional ICF schemes require significant
compression to minimize the energy required for igniting
the fuel. In this equation u = |v,, — v, | and Y is the fusion yield,
which is 8.68 MeV for pB''.

Pgys = n,m<ov)Y,

(8)
(ovy = J pr(vp)fb (vp)o (wd’v,d*v,.

Equation (8) shows the fusion power density and fusion
reactivity for arbitrary proton and boron distribution
functions.

The USPL-driven p-B11 experiments reported thus far
have all used uncompressed targets. We propose to investigate
the possibility of achieving ignition and gain via a hybrid
approach to p-B11 fusion that combines thermonuclear burn
elements of fast ignition ICF with inflight fusion reactions by
CPA laser-accelerated protons. The mainline approaches to
ICF, supported by the NNSA, are pursuing hot spot ignition,
which requires that the compression be accomplished while
avoiding the growth of hydrodynamic instabilities that create
a mix that precludes the generation of a sufficiently robust
fusion spark. Traditional fast ignition decouples the implosion
from the generation of the initiating spark, thereby relaxing
some of the requirements on implosion symmetry. We see
that the isochoric scaling published by Clark and Tabak in
2007 [47] is a good starting point for studying the implosion
of proton-boron fuel at high densities. The requirements for
the deposition of CPA laser-generated fast electron energy to
achieve ignition in DT have been widely studied and pub-
lished. Ions, notably protons and perhaps carbon, have also
been proposed as an alternative ignition trigger because of
their superior transport and focusing properties. We propose
to develop a parallel set of criteria for the fast ignition of
compressed p-''B fuel and then study options for igniting the
fuel by a combination of proton energy deposition and in-
flight thermonuclear reactions. This will extend the successful
“pitcher-catcher” concept described above to targets at sig-
nificantly higher densities and regimes of density and tem-
perature where proton ranges can be extended by both
electron heating and degeneracy effects.

We have begun to develop an updated generalized
Lawson criteria analysis for p-B11 that incorporates the new
cross-section data as well as any other effects that indicate
that it could be a viable fusion fuel cycle [48]. Figure 13
displays a preliminary result from our analysis of the
Maxwellian-averaged reactivity of D-T and p-B11 (using the
latest SW cross section), as well as the reactivity of high-
energy beam protons. A recently published, paper on
aneutronic fusion [49] references a 1973 report from LLNL
[50] that contains a relevant discussion of the physics of
p-B11 fusion. They developed a computer code (FOKN) that
follows the energy distributions of nuclear reactants and
products under the assumption of an infinite medium. They
discuss various strategies for nonsteady operation including
control of radiation and driving a strong detonation shock
wave through extremely compressed fuel. We see that it will
be necessary to pursue a modern revisit of this type of kinetic
burn model for p-''B using hybrid codes, such as Voss’
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Chicago code [51]. Hybrid kinetic-fluid simulations will play
a key role in the further development of this updated
generalized Lawson criteria analysis by accounting for the
fusion reactivity of the thermal and beam components of the
proton distribution function that properly accounts for
elastic and inelastic processes as a function of fuel isotopic
composition, density, and temperature, as well as accounting
for the impact of kinetic energy exchange between the
plasma distribution functions on the fusion reactivity.

Our study of proton-boron fast ignition ICF driven by
short pulse lasers will use the latest cross sections as well as a
hybrid kinetic-fluid approach to calculating the implosion,
burn, and expansion physics of an IFE target. As noted by
Putvinski, the peak of the cross section is at proton energies
of about 1 MeV to a few MeV. This important energy region
can be directly populated by USPL-generated protons and
can be supplemented via up-scattering (“lift”) by collisions
of plasma protons with fast alpha particles. We propose to
study what we term a “hybrid burn” scenario where protons
generated by CPA laser acceleration add an energetic
population to the proton distribution function as well as
providing additional fast alpha particles that will both heat
the fuel and provide additional up-scattering events. This
will require the development of a kinetic algorithm for
tracking the proton distribution function across the broad
energy range encompassed by the bulk thermonuclear
component from below and the slowing-down beam-fusion
component from above. We will quantify the possibility of
ignition and burning in these fast ignition-like configura-
tions, accounting for the power balance between heating,
thermonuclear and inflight fusion reactions, charged particle
deposition, Bremsstrahlung, thermal conduction, and hy-
drodynamic expansion via isochoric models and rad-hydro
simulations. We will use models that include the effects of
density and temperature on the interaction of charged
particles in the plasma, including both slowing down and up
scattering terms. We will also identify H:B isotopic ratios
that maximize fusion yield and minimize Bremsstrahlung
production, as well as designs that include radiation trapping
layers to reduce losses (cf [52]). Wurzel and Hsu [9] analyze
bremsstrahlung power loss as a function of ionic species
concentration, but do not discuss the possibilities of radi-
ation trapping layers. Since radiation loss is a dominant
factor in determining the ignition threshold, identifying
ways to limit these losses will be a top priority. Our goal is to
identify whether there is a region where the hybrid burn
concept can take advantage of the higher p-B11 reactivity in
the >200keV energy regime associated with the Sikora-
Weller cross section, leading to ignition and gain when
considering energy exchange processes between all plasma
species.

It will be important to accurately model the time de-
pendence of all processes in this pulsed ICF scenario, es-
pecially the slowing-down and interaction times of energetic
species, to arrive at a self-consistent design. Further, the CPA
laser interaction time scale must be consistent with the
hydrodynamic time history. The fast ignition laser pulse
must deliver the necessary energy and proton flux to the
target prior to the expansion of the imploded fuel. As
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Beam-catalyzed hybrid pB11 burn vs DT
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FiGure 13: Fusion reactivity for thermonuclear DT and PB as well as beam-driven PB.

previously noted, laser acceleration generally generates bi-
Maxwellian proton distributions, depending on the laser
intensity. The size of the target, the total laser energy, and the
laser pulse duration will set the laser intensity, which in turn
will set the peak proton energy and associated distribution
function. The hydrodynamic and laser acceleration calcu-
lations will need to be iterated until the range of the laser-
generated protons is an appropriate match to the target pr
and the resulting fusion reactions give a sufficient burn-up
fraction prior to hydrodynamic disassembly.

While we can begin to study the p-B11 burn physics
through 0-D energetic models, detailed designs will re-
quire 1-D, 2-D, and eventually 3-D simulations. Pursuing
these simulations will require that we first build the
necessary computational capabilities for rigorous p-Bl1
studies, including an accurate EOS table, opacity, stop-
ping power, and fusion reactivity models of pB-fuel
from first-principles calculations and implementing them
into rad-hydro codes, similar to what has been done for
DT-ICF fusion studies [53-56]. Further, the hybrid burn
model will require further development using Chicago or
LSP to provide the kinetic simulation tools required to
track the proton distribution function and its interaction
with other energetic particle species. LSP or OSIRIS can
also be used to model various laser acceleration scenarios
for providing the energetic proton ignitor beam. We can
then use these capabilities to examine design concepts
for p-Bl1 targets and derive scaling laws for hybrid
burning. To make sure that these simulations are well
grounded in scientifically accurate plasma and nuclear
physics, we will also propose to perform validation ex-
periments on the Omega Facility (Omega-EP + Omega-60).
Such experiments will be able to combine compression and

proton acceleration to study hybrid burning for the most
promising target designs.

Data Availability

The data supporting these results are contained in other
published journal articles. The article is not based on any
personally held datasets. 2. We have included Ref 49, which cites
an unpublished white paper from a LLNL website that includes
some of the text contained in this article. This white paper was
an internal working document for the US DOE fusion program
planning community, but we have included this disclaimer to
avoid any confusion. Please note that this is the first time that
this text has been formally submitted for publication.
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We present results from a pitcher-catcher experiment utilizing a proton beam generated with nanostructured targets at a petawatt-
class, short-pulse laser facility to induce proton-boron fusion reactions in a secondary target. A 45-fs laser pulse with either 400 nm
wavelength and 7 J energy, or 800 nm and 14 J, and an intensity of up to 5 x 10> W/cm? was used to irradiate either thin foil targets
or near-solid density, nanostructured targets made of boron nitride (BN) nanotubes. In particular, for 800 nm wavelength
irradiation, a BN nanotube target created a proton beam with about five times higher maximum energy and about ten times more
protons than a foil target. This proton beam was used to irradiate a thick plate made of boron nitride placed in close proximity to
trigger ''B (p, a) 2« fusion reactions. A suite of diagnostics consisting of Thomson parabola ion spectrometers, postshot nuclear
activation measurements, neutron time-of-flight detectors, and differentially filtered solid-state nuclear track detectors were used
to measure both the primary proton spectrum and the fusion products. From the primary proton spectrum, we calculated (p, n)
and (a,n) reactions in the catcher and compare with our measurements. The nuclear activation results agree quantitatively and
neutron signals agree qualitatively with the calculations, giving confidence that primary particle distributions can be obtained
from such measurements. These results provide new insights for measuring the ion distributions inside of proton-boron
fusion targets.

1. Introduction

An emerging new scheme for a nuclear fusion microreactor
that utilizes an ultra-intense laser pulse irradiating a fuel
target consisting of a mixture of protons, borons, and po-
tentially other additional fuels has been published recently
by Ruhl and Korn [1]. In this concept, an ultrahigh-contrast,
short-wavelength, short-pulse laser is used to irradiate a
periodic arrangement of solid density nanowires with well-
controlled diameter and pitch with an ensemble near-critical
density. The nanowire array is made of boron and hydrogen
in a 1:1 ratio. This target configuration allows for laser
propagation into the bulk and continuous laser energy

depletion. Upon propagation, the laser ionizes the nanowires
fully, accelerates the released electrons to MeV energies, and
expels them from the high-intensity region. The remaining
positively charged ions of the nanowires undergo a Coulomb
explosion, which accelerates the lighter protons to few-MeV
energies. Upon colliding with the slower boron ions, pB-
fusion reactions can be triggered that each generates three
alpha particles via the reactions [2]:

p+”B — 0c0+SBe—> oy + 0 + o, + 8.59MeV, (1)

11 8
p+ B— a + Be" — a; +a;; +a,+5.65MeV,

(2)
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p+"'B— 3a+8.68MeV. (3)

Further details of the reactor concept are outlined in
Reference [1]. An experimental realization of this integrated
fusion reactor concept poses unique challenges in many
aspects, such as, for example, fulfilling the laser driver re-
quirements, in target manufacturing, and to accurately di-
agnose the laser-target interaction under the demanding
conditions inside the reactor. Most investigations about
laser-driven proton-boron fusion have measured the es-
caping alpha particles [2-11] to infer fusion efliciencies.
However, alpha particle detection in such experiments is
challenging due to the fact that the target also emits other
ions such as protons and borons, with identical or similar
energies and charge-to-mass ratios as the alpha particles,
leading to overlapping signals in detectors. Being charged
particles, the alphas are subject to electromagnetic fields that
may surround the target, which can further complicate the
analysis of the primary emission since the fields may ac-
celerate or deflect the alphas [5, 9]. Hence, additional di-
agnostic methodologies are needed to increase confidence in
data interpretation. For example, measuring neutrons or
activation products from secondary reactions is comple-
mentary to alpha particle detection and can lead to a better
understanding of the physical processes occurring inside a
fusion reactor.

The reactor design discussed above requires ordered
nanowire arrays with very high aspect ratios made of boron
and hydrogen. For our study, few-nm-diameter, unordered
boron nitride (BN) nanowire nanotube (BNNT) targets that
were developed by BNNT materials, LLC, were combined in
a pitcher-catcher configuration [2-4, 8, 10, 11] to experi-
mentally measure the proton source decoupled from the
fusion reaction. This combination enables the character-
ization and optimization of the proton beams and the de-
pendence on laser and target parameters in pitcher-only
experiments. Knowing the incoming proton beam param-
eters, secondary reactions such as those in Equations (1)-(3),
but also neutron- or photon-generating reactions in a
catcher target can be measured and compared to calculations
using tabulated cross-sectional values [12]. We include
measured data from neutron time-of-flight, postshot nuclear
activation, Thomson parabola ion spectrometer, and CR39
solid-state nuclear track detectors in our analysis. Nuclear
activation results agree quantitatively and neutron signals
qualitatively with the calculations, which ensure a reliable
measurement of the primary particle distributions by this
method. However, our analysis additionally highlights po-
tential issues with such measurements if alpha particles are
to be inferred.

2. Materials and Methods

The experiments were performed at the Advanced Laser for
Extreme Photonics (ALEPH) at Colorado State University,
Fort Collins, CO, USA [13]. ALEPH is a 0.85 PW, 45 fs Ti:
Sapphire laser system operating at 800 nm wavelength. After
compression, the pulse is converted to its second harmonic
(400 nm) before it is directed to the target chamber. Five
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dichroic mirrors with >99.5 transmission at 800 nm are used
to efficiently remove unconverted light yielding a contrast of
>10"% up to ~5 ps before the main pulse [14]. A dual-coated f/
2 oft-axis parabolic mirror is used to focus the laser pulse to a
focal spot of about 1.5um full-width-at-half-maximum
(FWHM). After second harmonic generation (SHG), the
laser delivered 7] on target, reaching a peak intensity of
5x10* W/cm®. We have also performed experiments at the
fundamental wavelength, bypassing the SHG crystal and
dichroic mirrors. Here, the laser delivered 14.3] on target.
The temporal contrast was lower than for the SHG pulse due
to an ASE prepulse of nanosecond duration with ~107
intensity contrast. The stronger prepulse may result in re-
duced coupling to the nanostructured targets. However, the
about twofold higher laser energy offsets the reduced cou-
pling and leads to an overall higher proton yield as will be
shown below.

2.1. Targets. For each measurement series, up to 30 shots
were performed for statistics and to ensure the results are
reproducible. The data were then averaged in postprocessing
to yield single-shot results. We compared the efficiency of
proton beam generation from 1.2-ym-thick Mylar foils
(400 nm pulse), 7-ym aluminum foils (800 nm; thicker foil to
reduce preheat of the rear side during the prepulse), and BN
nanotube targets (both wavelengths). BN nanotubes have a
similar tubular structure as carbon nanotubes in which
carbon atoms are replaced entirely by boron and nitrogen
atoms, arranged in a hexagonal lattice. The individual tubes
are between 2nm and 8 nm in diameter and can be several
tens of microns long. The BN nanotubes formed a dense,
unordered matrix (bucky paper sheets), wherein the tubes
are randomly oriented and overlap to form thicker (several
microns) clumps with voids in-between them. While the
individual BN nanotubes have a near-solid density (~2g/
cm?®), the average density of the BN nanotube targets was
0.55 g/cm.

Figure 1(a) shows a sketch of the target chamber with the
relevant diagnostics. The targets were continuous sheets of
either thin foils or BN nanotubes. The sheets were sand-
wiched between two aluminum plates: one thicker plate to
hold the samples on one side to which a 400-ym thin plate
was bolted with 32 M2 screws to apply even pressure on the
BN nanotube samples. An array of 3-mm-diameter holes in
the plates spaced 8 mm apartin a 5 x 6 hole pattern enabled a
shot series of up to 30 shots within one vent cycle. The inset
in the bottom left corner shows a photograph of the target
frame. The targets were mounted at the center of the
chamber and irradiated by the s-polarized laser pulse at
normal incidence. Figure 1(b) shows the pitcher-catcher
configuration, where a 30-ym-thick BNNT target was ir-
radiated by the 14.3J, 800 nm pulse at normal incidence. A
1.5-mm (1/16 in.)-thick, commercially available BN ceramic
plate in 400 ym distance was used as a catcher. The plate
consists of 95% BN and about 5% B,O;. The natural boron
used consists of 80% ''B and 20% '°B. A gap between the two
targets was formed by using a second 400-um plate identical
to the one used on the BN nanotube target frame in direct
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FiGURe 1: Experiment layout and target configuration. (a) shows a sketch of the target chamber with the relevant diagnostics. The laser pulse
is focused by an f/2 off-axis parabolic mirror to an intensity of ~5 x 10*' W/cm?” onto a target at the center of the chamber. Thomson parabola
(TP) ion spectrometers are used to diagnose the generated proton beam. A filtered CR39 solid-state nuclear track detector is used to
corroborate the TP measurements. A neutron time-of-flight (nTOF) detector is placed in about 3m distance along the target normal
direction. The inset in the lower-left corner shows a photograph of the target holder. (b) shows a sketch of the pitcher-catcher configuration.
The laser pulse irradiates a 30-ym boron nitride nanotube target to create a proton beam (pitcher). The protons then irradiate a secondary
boron nitride target (catcher) in 400 ym distance to trigger nuclear reactions.

contact with the pitcher and catcher plates. For each of the
30 targets, the hole in the plate resembled a cylindrical cavity
with 3mm diameter and 400 ym length. This configuration
allowed us to place the catcher as close as possible to the
source without interrupting the TNSA mechanism [15], but
close enough to benefit from potential preheat by hot
electrons or x-rays that lead to the generation of a hot, dense
plasma in front of the catcher and potentially enhances the
pB-fusion yield [3].

2.2. Diagnostics. Two identical, compact Thomson parabola
(TP) ion spectrometers are used to diagnose the accelerated
ions. The TPs are custom-made by the facility with a design
similar to Carroll et al. [16]. The TPs were equipped with
either Fuji MS or TR image plate to detect the parabolic ion
traces. The image plates were scanned 20 min after the last
shot on the target frame with a pixel size of 50 ygm. The image
plate data were converted to proton numbers using the
calibration by Bonnet et al. [17]. Since the image plate
digitizations were performed using a different scanner from
the one used in [17], a 2x2cm? piece of filtered CR39
(Mi.am Srl, Piacenza, Italy) was placed next to the TP en-
trance at position “B” to corroborate the TP measurements
and verify the calibration. Six different Al filters with 2, 15,
30, 45, 60, and 75 ym thicknesses were put in front of the
CR39 to obtain information about the proton (and ion)
energies hitting the CR39. The CR39 were etched for
30 minutes in 6.5 M NaOH solution at 70°C to reveal the ion
tracks (“pits”). The pit diameter depends on not only the ion

stopping power but also on the etch time. Longer etching is
preferred for an increased accuracy of the track analysis (e.g.,
[18]). However, the ion flux for the thinnest filter was already
close to saturation for most BN nanotube targets; therefore,
the etch time had to be kept to a minimum. After etching, the
images were digitized using a Keyence VHX-7000 digital
microscope equipped with a 12.2 megapixel VHX-7100
image acquisition unit. The microscope resolution was de-
termined with a high-resolution microscopy USAF test chart
(Edmund Optics) to be 2400 Ip/mm, which is sufficient to
detect the ~0.5-ym-diameter proton pits. After digitization,
the pits were registered using a custom MATLAB routine.

To measure neutrons from (p, n) or (a, n) fusion re-
actions in either target, an EJ-228 plastic scintillator-pho-
tomultiplier tube (PMT; Hamamatsu H2431-50) time-of-
flight detector was placed in 3 m distance from the target
location along the laser axis. The detector was enclosed in a
housing made of 5-cm-thick lead bricks to reduce the high-
energy photon signal reaching the PMT. The detector was
calibrated previously [14, 19]. However, due to the strong
photon signal generated during the experiments with
800 nm wavelength, the PMT bias voltage had to be reduced
significantly to avoid saturation of the trace, which negated
the calibration.

2.3. Nuclear Reactions Creating Neutrons and/or Positron
Emitters. In addition to the on-shot diagnostics, two Scionix
Holland 51B51/2M-E1 gamma spectrometers equipped with
a 5l-mm-diameter, 51-mm-long Nal (TI) scintillator,



coupled to a CAEN DT5725S digitizer, were used to measure
the activation of the target remnants after the shots. An
integration time of 5 minutes was chosen to provide suffi-
cient counts at later times. This setup enabled us to measure
the gamma spectrum of the samples vs. time, not just the
activation [2], to verify that the measured signal is from
positron emitters and not from other decay channels such as,
for example, excited nuclei from Bremsstrahlung
photoexcitation.

In the pitcher-catcher experiment, the accelerated pro-
tons can create a multitude of nuclear reactions [2, 4].
Table 1 lists some of the possible (p, x) and (a, x) reactions
that create a neutron or a positron emitter as reaction
products. Some of the reactions have a negative Q value of a
few MeV, meaning the incident projectile needs to overcome
a threshold energy to trigger the reaction. The second col-
umn in the table lists approximate values of the reaction
cross section near the peaks for a quick judgment of the
likelihood of the reaction. The analysis discussed below uses
the tabulated values that were obtained with the Java-based
nuclear information software (JANIS) [12] across multiple
databases. The third column lists the half-life of the gen-
erated positron emitters. The most probable activation
product is 1'C" with a half-life of about 20 minutes. For early
times, the activation may have a contribution of BN* and
for late times, the measurements may detect the presence of
18F* that has a half-life of about 2 hours.

The '8F" isotope was used in [2] to infer the presence of
alpha particles in a BN catcher via the reaction

a+ "N — BF 1y +4415MeV. (4)

However, there are two potential issues with this in-
ference. One issue is the rather low cross-sectional value of
only 5 mb. This low value ruled out this alpha particle
detection path in an earlier work looking at nuclear reaction
diagnostics for magnetic fusion devices [20]. The other issue
is that '8F" can also be produced when the target contains
oxygen impurities via

p+8%0 — BF +n-244MeV. (5)

The stable *0O isotope has an abundance of about 0.2% in
natural oxygen. The '*0 (p, n)'®F reaction has a high cross
section of ~500 mb at 5 MeV [21, 22]. Since this reaction is
triggered by the primary protons and not by alphas, if *F" is
detected in the experiment a precise knowledge of the ox-
ygen contamination and the incoming proton spectrum are
required to infer the relative contributions of proton and
alpha particles to the ¥ F" generation.

3. Results and Discussion

3.1. Proton Spectra for 2w Irradiation, Pitcher-Only.
Starting with 2w irradiation, Figure 2 compares proton
spectra measured with TP1 and TP2 for a 1.2-ym-thick
Mylar foil compared to a BN nanotube target. The BN
nanotube target was 110 um thick and had an average
density of 0.55 g/cm®, which is 2-3 times lower than solid
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density. The plots show the proton spectra for a single shot,
normalized to 1] of laser energy.

Figures 2(a) and 2(b) show the Mylar foil proton spectra
at the front (laser irradiated) and back side, respectively. The
spectra look nearly identical, confirming the high contrast of
the laser pulse that leads to TNSA proton acceleration on
both sides of the target [23]. The maximum proton energies
are 4-5MeV. The spectral shape can be described by

d—N—%ex B (6)
dE - E “P\k,T,)

where N, and kgpT, are the fit parameters (orange lines).
Except for Figure 2(c), No=10® and kT, = 0.1 MeV. Using
the filtered CR39 plates (positions A thru F), we confirm that
the proton emission is strongly peaked in the target normal
directions, as expected.

Figures 2(c) and 2(d) show the proton spectra for the
110-pm-thick BN nanotube target. Of striking difference is
the front side proton spectrum, which reaches almost
10 MeV. Here, Ny=~10” and kpT,=0.5 MeV. The rear side
spectrum is similar to the Mylar foil, even though the BN
nanotube is 100 times thicker than the Mylar foil. The fil-
tered CR39s measured about 100 times more particles along
the target normal directions, as well as significant particle
counts in all the measured off-normal directions. We in-
terpret these findings as due to enhanced, volumetric ab-
sorption of the laser pulse compared to surface absorption
for the foil target due to both the nanostructured surface and
the overall reduced density.

3.2. Proton Spectra for 2w vs. 1w Irradiation, Pitcher-Only.
After verifying that BN nanotubes lead to hotter proton
spectra at high-contrast, 400-nm irradiation, we repeated a
similar measurement using the fundamental wavelength and
with higher laser energy. Figure 3(a) shows a direct com-
parison of Mylar foil and BN nanotube target backside
proton spectra for 2w irradiation, and Figure 3(b) the same
for lw, for 30-ym BNNTSs, and for a 7-um Al foil. The spectra
were measured by integrating over 10 shots (2w, 20 shots for
lw) for reproducibility. The plots show the processed proton
spectra for a single shot, normalized to 1] of laser energy.
The 2w spectra are very similar for both the foil and
the BN nanotube targets, despite the BN nanotube target
being 100 times thicker. Compared to 2w irradiation, the
lw spectra exhibit about 100 times more protons at
1 MeV. Additionally, the BN nanotube target accelerated
protons up to 20 MeV energy, about five times higher
than the Al foil target. This finding supports the hy-
pothesis that thinner BN nanotube targets outperform
comparable foil targets as a proton source. The hun-
dredfold higher particle numbers were not expected; as a
result, the TP traces for the lw shots are saturated over
large parts of the parabolic traces. The saturated parts
were removed from the analysis and the spectrum was
analyzed near the high and low energy ends of the trace
where the dispersion in the TP was large enough to re-
duce the particle flux below saturation (low energies) or
the particle numbers were low enough (high energies).
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TaBLE 1: Nuclear reactions creating neutrons and/or positron emitters in boron, nitrogen, and oxygen.

Reaction Max. cross section (mb) Half-life (min.)
Boron:
a+%B — BN" +n+1.06 MeV 100 9.97
p+B — 1UC" +y+8.69 MeV ~ub 20.4
a+'B— "N +n+0158 MeV 100 Stable
p+1B— 1C" +n - 2.765 MeV 400 20.4
p+'""B— 3a+8.6MeV 1200 Stable
Nitrogen:
a+ N — BF" +y+4.415MeV 5 109.8
p+"N — 10" +1n-5.93 MeV 100 70's
p+"“N — 'C" +a-2.92 MeV 200 20.4
a+ "N — VE" + n-4.73 MeV 50 64.35
Oxygen:
p+1%0 — BN" +a-5.22MeV 150 9.97
p+180 — BF" + n-2.44MeV 500 109.8

The primary alpha-generating fusion reaction is listed for comparison (see Equations (1)-(3)). The reactions are used in the analysis to infer primary proton
and alpha yields. The cross-sectional values quoted are approximate values near the peaks for a quick judgment; the analysis uses the tabulated values. The
half-life of the created positron emitters is given in minutes, unless otherwise quoted.
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FIGURE 2: Proton spectra for 2w irradiation, Mylar foil vs. BN nanotube target. The proton spectra from front (a) and back side (b) of the 1.2-
um Mylar foil are nearly identical indicating TNSA on both sides of the target. The 100-ym-thick BN nanotube target results in more than
double the maximum energy on the front side (c) and still ~5MeV from the rear side (d), suggesting that the laser is absorbed more
efficiently due to the nanostructure of the BN nanotubes.
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FIGURE 3: Rear-side TP ion spectra (TNSA protons) show 10* times more particles for 1w vs. 2w irradiation. The data show single-shot
spectra, per 1] of laser energy, by dividing the multishot integrated measurement by the number of shots and laser energy. (a) The 2w spectra
are very similar for both the Mylar foil and the BN nanotube target, despite the BN nanotube target being 100 times thicker. (b) The 1w
spectra exhibit about 100 times more protons at 1 MeV. Additionally, the BN nanotube target accelerated protons up to 20 MeV energy,

about five times higher than the Al foil target.

After plotting the extracted particle numbers from the
TP traces, we fitted spectra using Equation (6) to determine
the particle yields and slope.

For the 7-um Al foil irradiated at 1w, we compared the
particle flux detected with CR39 #B and the TP trace. The
particle count in this CR39 detector reached about 5 x 10°
protons/sr/]/shot behind the 75-ym Al filter, corresponding
to protons with energies above 1.6 MeV. This filter thickness
ensures that only protons were detected in the CR39. Alpha
particles need ~12MeV and carbon or B, N ions need
>60 MeV to penetrate the filter. The pit diameters behind
this filter are all about 500 nm, in line with the expected
proton pit diameters for our etch conditions. Integrating the
TP spectrum for energies above 1.6 MeV results in a proton
count of 3 x10° protons/st/J/shot, giving confidence in our
TP calibration. For comparison, the BN nanotube created
about ten times more protons.

We did not field an imaging proton spectrometer such
as, for example, a stack of radiochromic films [24, 25] to
measure the full beam size or divergence angle. However,
typically TNSA beams exhibit a cone angle of up to +15°
[24-28] for the lower energies, which contribute the most to
the particle numbers. Assuming this value as an estimate for
the proton beam divergence for both target types results in
4 x10° protons per shot for the Al foil and 4 x 10'° protons
for the BN nanotube target. These yields are similar to the
results from [28], who compared proton beam from thin
foils to foam-coated thin foils. There, the foam-coating
resulted in enhanced laser absorption and about four times
higher proton yield than uncoated foils. Our results indicate
that BN nanotube targets could yield even better absorption
and more protons, potentially due to the nanostructures
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FIGURE 4: Postshot gamma spectroscopy of the pitcher-catcher
shots. A strong peak at 511 keV is measured, verifying the existence
of positron emitters (in contrast to, e.g., excited nuclei from
photoexcitation). The second peak at about 250keV is from
backscattered 511keV primary photons in the lead shielding
nearby. The photograph in the inset shows one of the detectors
inside of the lead housing with the top removed.

spanning the entire material. Even higher proton energies
are expected from thinner BN nanotube targets [29, 30], but
this was beyond the scope of this investigation.

3.3. Pitcher-Catcher Experiment at lw Irradiation. After
having determined that BN nanotube targets irradiated at 1w
created the proton source with the highest particle numbers
and energies, a pitcher-catcher experiment was performed
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FIGURE 5: Pitcher-catcher nuclear activation measurements. (a) Each black data point shows the background-corrected counts as an average
of the two spectrometer counts (shown in light-blue and light-green). Time zero corresponds to the time of the last laser shot on the targets.
The dashed lines are the result of fitting the decays of °N, ''C, and '®F to the data. Note the logarithmic ordinate. Details are given in the
figure legend and the text. (b) is a zoomed view of the data at early times, on a linear scale, to better visualize that the ~6.5% contribution of

13N is needed to match the measurements.

where the proton beam was directed at a BN plate as de-
scribed in Figure 1(b). The most striking results were that we
measured significant nuclear activation during the postshot
gamma spectroscopy, as well as a neutron time-of-flight
signal, both of which are clear evidence for nuclear reactions.

3.4. Nuclear Activation. An example measurement is shown
in Figure 4. The gamma spectrum is dominated by the
511keV electron-positron annihilation peak, verifying the
existence of positron emitters (in contrast to, e.g., excited
nuclei from Bremsstrahlung photoexcitation). The second
peak at about 250keV is from backscattered 511keV pri-
mary photons in the lead shielding nearby. The decay of the
511keV peak was monitored in 5-minute integration in-
tervals until it reached background levels. Prior to the
measurements, the background counts were determined
using the same integration time. Two gamma spectrometers
on either side of the target frame were used in ~1 cm distance
to monitor an almost 47 solid angle. The detection efficiency
of the Nal scintillator for 511 keV photons was estimated as
35% [20].

The activation results for the pitcher-catcher shots are
plotted in Figure 5. The pitcher-only shots performed earlier
did not produce any measurable activation above the
background. Therefore, we can assume that the majority of
the measured activation is from the BN catcher plate and not

TABLE 2: Activation results for the pitcher-catcher shots after 30-
shot integration.

Isotope e BN 8p
Half-life (min) 20.4 9.94 109.8
Decay constant (min™") 0.034 0.0697 0.0063
Relative contribution (%) 93.435 6.531 0.034
Activity A at t=0 (Bq) 9143 639 3.3
Number of nuclei N, 1.6 x10” 5.5%x10° 3.2x10%
N, per shot per | 37,000 1300 75

Each column lists physical and fit parameters for the three discussed nuclei.
N, is the calculated number of nuclei based on the measured activity A. The
last row is the same number, normalized per shot per 1] of energy.

the primary source target. As discussed above and shown in
Table 1, the most likely isotopes to be created are ''C, °N,
and '°F. The three decays were fitted to the measured data to
obtain the partial contributions of each nuclide. The decay
curves can be extrapolated to f, when the last laser shot
occurred to get the activity A right after the shots. The total
activity A was 11.5 kBq after 30 shots. From the activity
and the decay constant A = In (2)/7, where 7 is the half-life, the
number of activated nuclei can be easily calculated as N=A/A.

The fit results are summarized in Table 2 and plotted
with the dashed lines in Figure 5. The most abundant isotope
is ''C, which is from protons fusing with ''B to create the ''C
isotope and a neutron.
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TaBLE 3: Reaction product yields per primary projectile in BN and expected yields for the BN nanotube lw spectrum.
Reaction product 3a e BN 8p
Reaction B, 2 "B m'C B(xn)®N 0 (p)°N  “N(ap)F 0@, m'*
Q value (MeV) 8.59 -2.76 1.06 522 4.415 —2.44
Threshold energy (MeV) 0 3.017 0 5.547 0 2.575
Target ion density (cm™>) 2x10% 2x10% 5x10%! 1.5%10% 2.5%x10%* 3x10"
Expected N, per | 6x10° 66,000 0.5 800 1 80
Measured N, per J (Table 2) n/a 37,000 1300 1300 75 75

The ion densities are calculated assuming the BN plate (density of 2.1 g/cm?) contains ~95% BN and ~5% oxygen contamination. The natural boron consists of
80%"'B and 20%'°B. Of the natural oxygen, the '®0 isotope is about 0.2% abundant. N, is given per shot per J of laser energy.

It is worthwhile to compare our results to earlier
measurements by Labaune et al. [2]. In [2], the laser energy
was about 10]J. Up to 500 Bq of nuclear activation was
detected. Our laser delivered 14.3 ] and created ~400 Bq per
shot, which is similarly efficient but does not require a
secondary laser pulse to boost the activation levels. Unlike
[2], we see a clear contribution of >N to the measurements
as shown in the zoomed view in Figure 5(b). At late times,
'8F appears with an activity of 3 Bq, about the same activity
as measured in [2]. However, the relative contributions of
the three different isotopes are very different. In [2], the Bp
isotope had a relative abundance of 0.6%, whereas our
measurements yield an about 20x lower contribution. Ref-
erence [2] interpreted the '°F creation to be originated by
alpha particles and a proof-of-concept that secondary re-
actions are possible. If that is true, the alpha particles should
also create >N isotopes. The measurements in [2] showed
hints of °N creation but were not conclusive.

Our measurements show a clear evidence for *N isotopes,
as well as '°F. In the following, we calculate the expected
number of isotopes assuming beam-target fusion reactions
and using the 1w BN nanotube target spectrum from Figure 3
as input. The number of reaction products N, depends on the
number of incoming projectiles Npojectiles target ion density
Niargers C1OSS section o, and projectile range R:

N, = NprojectilentargetaR' (7)

The projectile range R depends on the incoming pro-
jectile energy E, and the ion-stopping power dE/dx. As the
projectile slows down in the material, its energy is reduced
and correspondingly the cross section changes. Therefore,
the product oR in Equation (7) is replaced by an integral over
the cross section and stopping power to calculate N, [5]:

Fo de\™
N, = Nprojectilentarget JO G(E)<a) dE. (8)

The stopping power was taken from the SRIM software
package [31], and the cross-sectional data were obtained via
the Janis database [12]. Taking the proton-boron fusion
reaction ''B (p, &) 2« as an example, with the analytic cross
section from [32], an incoming proton energy of Ey =1 MeV,
and noting that this reaction creates three alpha particles per
proton, we calculate a yield of 3.9 x 10~ alpha particles per
proton. The slight discrepancy to the efficiency obtained in
[5] results from the different density of the BN plate used in
our work.

Next, we integrate Equation (8) over the 1w BN nano-
tube proton spectrum to calculate the total number of ac-
tivated nuclei. Here, the energy intervals for integration are
between the threshold energy of the reaction (for negative Q
values, zero elsewhere) and the 19 MeV maximum energy.

The results are summarized in Table 3. The first column
shows the calculated alpha particle yield, which is 6 x 10° per
shot per J. The second column shows that the calculated ''C
yield matches the measured one fairly closely. The difference
could be due to the assumption of +15° cone angle, which
overestimates the proton yield for higher energies. Addi-
tionally, the catcher target featured some shallow ablation
craters after the shot, which may have reduced the target
activation due to some missing material.

The third column compares the calculated and measured
N generation. In pure BN, "’N can be generated by alpha
particles [2], but since our target had significant oxygen
contamination, there is also a very probable proton-induced
reaction channel. Assuming that all alpha particles generated
by the primary p-''B reaction (column 1) have energies
between 1 and 5 MeV and are all stopped in the BN, the most
optimistic calculation results in less than one °N nucleus
being created per ]. However, our measurement indicates
that about 1300 nuclei/J are created. The calculated "°N yield
per alpha particle is ~8 x 10~%. If we attribute all the mea-
sured >N nuclei as being created by alpha particles, this
results in ~2 x 10'% alpha particles per shot per J. Performing
the same estimate for the °F yield (using a constant o = 5 mb
due to the lack of detailed cross-sectional data) results in a
'8F yield per alpha particle of 1.8 x1077, translating into
~4 x 10% alphas per shot per J. The two calculated alpha yields
are inconsistent with each other by a factor of 50. The es-
timate from N is also within a factor of two of the measured
proton yield, which appears too high given the low fusion
probability due to beam-target interaction.

Performing the "N calculation under the assumption of
the proton-oxygen reaction results in a similar number as
the measured one. The same comparison holds true for '*F
generation.

Therefore, we conclude that for our pitcher-catcher
experiment, the majority of the measured radioactive iso-
topes are the result of protons interacting with ' B or oxygen
contamination. However, some discrepancies still prevail
between the calculated and measured data. In particular, the
calculated ''C number is higher while the calculated N is
lower than measured, leaving room for potentially higher
alpha numbers than calculated here.
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FIGURE 6: Neutron time-of-flight data and spectra, from an average of 30 shots. (a) shows the background-corrected traces for the pitcher-
catcher experiment vs. a pitcher-only aluminum target. The pitcher-catcher trace shows a signal at around 100 ns that is above the noise
level. (b) shows the same data, converted to neutron kinetic energy. The first peak corresponds to ~2-7 MeV energy, and a potential second
peak is at ~1.3 MeV energy. It is at present not clear whether this second peak is an artifact due to the noise; we have planned to investigate
this in the future. The uncertainty in the detector distance leads to an error of the calculated energies, visualized by the shaded areas.

3.5. Neutron Spectra. The data of the previous section show
that the majority of the activation is from ''B (p, n)"'C, which
creates a neutron with each created ''C nucleus. For 14 ] laser
energy, this should create about 10°~10” neutrons per laser
shot. This neutron yield is detectable at ALEPH as shown in
earlier works [14, 19]. Figure 6(a) shows the neutron time-of-
flight trace for the pitcher-catcher shots compared to shots
using an Al pitcher only. The traces were averaged for 30 shots.
The initial high-energy photon flash was very intense in all of
the shots and created a temporary saturation of the traces
followed by an exponential decay. Nonetheless, we have ob-
served modulations of the traces during the decay of the
scintillator for our pitcher-catcher shots with BN nanotube
targets that were not present when the Al targets were used. To
find out whether these modulations correspond to neutrons,
and for a better comparison between the reference and
pitcher-catcher shots, a multi-exponential function with
constant offset was fitted to the decay curves and subtracted
from the data to reveal a neutron signal. The fast rise time of
the photon flash indicates the arrival time of the laser pulse on
target, which was correspondingly used to calculate the
neutron time-of-flight. Even with background subtraction, the
data exhibit high-frequency noise and a poor signal-to-noise
ratio due to the presence of a strong electromagnetic pulse.
Using the noise amplitude of the Al data, for which we do not
expect to measure any neutrons, we defined a baseline noise
level of £0.35V (marked by the shaded area in Figure 6(a)).
The amplitude of the pitcher-catcher signal at delay times
between approximately 100 to 150 ns is significantly stronger
than this noise level, suggesting it may be from neutrons.
To generate a neutron spectrum, we disregard data that
fall within the noise level by setting these values to zero. The

time-of-flight data were converted to neutron kinetic en-
ergies and then sorted into a histogram with 0.1 MeV step
size. We assume a constant detector response for the con-
version from TOF into the spectrum. Since we had to change
the bias voltage of the PMT to a level beyond our calibration,
we cannot convert the PMT response to a neutron flux. In
addition to that, the neutron signal occurred during the
decay of the scintillator due to the strong gamma flash. The
instrument response vs. neutron flux in this operating mode
is not known. Therefore, the spectrum is given in “signal-
per-0.1-MeV” units, which will only allow for qualitative but
not for quantitative comparisons to our calculations.

The resulting spectrum corresponds to neutrons between
2 and 7 MeV, with an error of +0.5 MeV due to uncertainties
in the detector distance. The spectrum decays toward higher
neutron energy. The irregular shape of the spectrum is partly
due to the high-frequency noise mentioned above and partly
due to the low neutron statistics (for ~10° neutrons emitted
into 47, about 10 neutrons per shot are hitting the detector).
We also observe a single peak at about 1.3 MeV from the
signal at ~200 ns that is above the noise level. It is at present
not clear whether this is an artifact due to the noise; we have
planned to investigate this in the future.

To aid in the interpretation of the neutron data, we
modeled an expected neutron spectrum using the lw BN
nanotube proton spectrum as an input, together with the
cross sections for (p, n) and (a, n) reactions from Table 1. The
neutron spectra were generated using a custom Monte Carlo
code to generate an exponentially decaying population of 10°
protons that resembled the measured spectrum, times a
multiplicative factor to account for the actual number of
protons. A second, Gaussian spectrum that is centered at
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FIGURE 7: Calculated vs. measured neutron spectra. (a) The cross-sectional data for neutron-producing reactions in BN show that multiple
reaction channels for (p, n) and (a,n) exist with relatively high cross sections. The grey and black curves are plots of the p and « distributions
used to generate the artificial neutron spectra shown in (b). Note that the alpha-generated neutron spectrum was multiplied by a factor of
1000 for visualization purposes; otherwise, its contribution to the total spectrum would not be visible. The comparison between the
calculated and measured spectra shown in (c) shows that it is plausible that the measured neutrons originate from (p, ) reactions, showing
its diagnostic potential. An («, n) contribution to the measurement would fall into the same energy range. A potential (&, n) contribution

cannot be resolved with the current measurement sensitivity.

3MeV with a FWHM of 1 MeV was used to simulate an
assumed population of 10° alpha particles, again times a
multiplicative factor to correct for the actual number. For
each population, the energy-dependent probability of cre-
ating a neutron was calculated via interpolation of the cross-
sectional data tables. The neutron energy was determined by
the nuclear reaction kinematics for binary collisions where
the neutron is generated in the forward direction. The
resulting neutron population was then converted to a his-
togram to generate the spectrum. The total number of
neutrons was weighted by the primary particle numbers to
calculate the relative neutron yields from protons and alpha
particles. Figure 7(a) shows plots of the initial particle
distributions (grey and black lines), plus the cross sections of
the neutron-producing reactions. The alpha particle yield
was assumed to be dominated by the number of 1MeV
protons, indicated by the blue circle.

Figure 7(b) shows the calculated neutron spectrum and its
relative contributions from protons and alpha particles. Note
that the alpha spectrum had to be multiplied by 1000 to become
visible. This plot shows that the expected neutron energies from
both kinds of projectiles overlap in their energies, and that for
beam-target interactions as assumed here the neutron yield
from protons far outweighs the neutron yields from alphas. Due
to the interplay between the threshold energy to trigger the
reaction and its cross sections, the spectrum is dominated by the
N ® )"0 reaction for energies below 2 MeV. Above that, the
neutron spectrum is dominated by "'B (p, n)"'C reactions. The
proton-neutron spectrum decays toward higher energies due to
the exponential proton spectrum.

Since we assume a Gaussian alpha particle spectrum
centered at 3 MeV, the resulting alpha-neutron spectrum is
shifted to about 4 MeV due to the reaction kinematics. The
alpha-neutron energies are roughly centered in-between the
proton-neutron energies. Overall, the neutron spectrum is
dominated by (p, n) reactions in our experiments.

Figure 7(c) qualitatively compares the calculated neu-
tron spectrum to the measured nTOF spectrum. The
measured energies and slope are fairly well reproduced;
however, the measured spectrum appears to fall into a
narrower energy range. This may be due to an insufficient
background correction of the measured data for reasons
mentioned above, as well as due to the low particle statistics
that result in near single events at the scintillator.

4. Summary and Conclusions

The measurements and results discussed in this study
demonstrate that BN nanotube targets are a significantly
more efficient proton source than regular foils, potentially
better than previously published nanostructured targets
[7, 28]. This warrants further investigations into their use as
efficient proton sources for applications.

The strongest proton beams were created by irradiating a
BN nanotube target with a 1w pulse resulting in a yield of
6x10° protons/sr/J/shot. Assuming a cone angle of +15°
[24-28], this results in 4x10' protons/J/shot. When this
proton beam was directed to a BN catcher target, it created
nuclear activation with more than 10 kBq, as well as a
measurable neutron signal. Our analysis showed that the
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nuclear activation was mainly due to ''B (p, n) ''C reactions,
with small contributions from >N and '°F. Using tabulated
nuclear reaction cross-sectional values and the input proton
spectrum measured without the catcher, we were able to
reproduce the quantity of activated nuclei within a factor of
two. Through these calculations, we infer a theoretically
calculated alpha particle yield due to proton-boron beam-
target interaction of 6 x 10/J. This is comparable to similar
pitcher-catcher experiments published in [3], but without an
additional heating laser.

Comparing our nuclear activation measurements with
calculations of the expected yields due to the incoming
proton spectrum, we show that the >N and '®F nuclei
created in our BN sample are most likely due to protons
activating oxygen contamination inside the bulk material
and less likely due to alpha particles creating secondary
reactions. In fact, attributing all of the measured >N nuclei
to being generated by alpha particles via '°B (a, ) "N, and
18F nuclei via "N (a, y)lSF as suggested in [2] would, in our
case, result in alpha yields that are not only inconsistent with
each other but also within a factor of two of the measured
primary proton yield, which appears too high given the
expected low yields of beam-target fusion reactions. How-
ever, more careful examination shows that our calculated
"'C count due to proton reactions is higher than measured
while the calculated >N count due to proton reactions is
lower than measured, which could be explained by a higher
alpha contribution than expected due to pure beam-target
fusion. Future investigations with improved diagnostics and
better-controlled catcher plates might reveal higher alpha
yields than those calculated here.

Both the activation measurements and corresponding
calculations show that it should be possible to design a catcher
material composition that triggers selected multiple nuclear
reactions that can be used to infer the primary particle energy
distributions with sufficient accuracy. In a similar vein, we show
that, while neutron spectroscopy in BN targets may not be used
as a diagnostic tool for alpha particles when fast protons are
present, the close resemblance of the measured and calculated
data for protons demonstrates its high potential as a diagnostic
for the proton distribution. Such nuclear diagnostics will be-
come relevant for diagnosing the particle distributions inside
integrated fusion devices, such as, for example, the emerging,
laser-driven, and mixed-fuel microreactor concept [1].

Data Availability

The data used to support the findings of this study can be
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Here, we report the generation of MeV alpha-particles from H-''B fusion initiated by laser-accelerated boron ions. Boron ions
with maximum energy of 6 MeV and fluence of 10°/MeV/sr@5 MeV were generated from 60 nm-thick self-supporting boron
nanofoils irradiated by 1] femtosecond pulses at an intensity of 10'° W/cm®. By bombarding secondary hydrogenous targets with
the boron ions, 3x10°/sr alpha-particles from H-''B fusion were registered, which is consistent with the theoretical yield
calculated from the measured boron energy spectra. Our results demonstrated an alternative way toward ultrashort MeV alpha-
particle sources employing compact femtosecond lasers. The ion acceleration and product measurement scheme are referential for
the studies on the ion stopping power and cross section of the H-''B reaction in solid or plasma.

1. Introduction

Nuclear fusion between proton (H) and boron (*'B),
1B+ p — 3a+8.68 MeV, is a widely concerned reaction
[1-7] due to its appealing potential in fusion energy harness
[8-10]. Unlike the D-D reaction and the D-°Li/D-T cycle
[11], the H-"'B reaction releases alpha-particles instead of
neutrons, which offers clean energy without neutron radi-
ation hazards. More importantly, ''B is stable and abundant
on Earth, which sheds off the fuel problem in D-T fusion.
With the rapid development of high-power lasers, laser
fusion based on the H-''B reaction attracts more and more

attention. However, self-sustained H-''B fusion under
equilibrium conditions is highly challenging due to the
insurmountable radiation loss problem at elevated tem-
peratures. Many explorations on the H-"'B reaction have
been ongoing, such as driving the fusion out of thermal
equilibrium by using ultrashort lasers [12-14] to reduce the
radiation loss or revisiting the fusion reactivity [15-17] in the
plasma environment.

In addition to the potential for clean fusion energy, the
alpha-particle generation from the H-''B reaction could be a
valuable source for medical and industrial applications
[18-20]. The cross section for the H-''B reaction is very
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large, e.g., 1.2 barn [21] at 620 keV (center-of-mass energy),
and one reaction can release 1 MeV and two of 4 MeV alpha-
particles [15, 22] in a simplified view. With high-energy
reactants, the yield and the kinetic energies of the alpha-
particles could be prominent, depending on the reaction
channels. The alpha-particle generation from laser-driven
H-''B reaction was firstly reported in 2005 with a yield of
10°/sr/shot [23] using a boron-rich polyethylene target ir-
radiated by a picosecond laser. In subsequent experiments,
the yields have been continuously increased to 10° a/sr/shot
and 10° a/sr/shot [12, 24] in the so-called “pitcher-catcher”
scheme, where energetic protons are produced from a ym-
thick target through target normal sheath acceleration
(TNSA) and bombard a secondary boron target.

Besides the boron-rich polyethylene targets, “sandwich”
targets (SiH/B/Si) and thick boron-nitride (BN) targets were
irradiated with kilojoule-scale sub-ns lasers, producing 10°
and 10'° /sr/shot alpha-particles, respectively [25-27]. It was
found that, in spite of the difference in the driving lasers, the
observed yield of the alpha-particles had a similar scaling law
of about 10°-10° a/sr/J.

Up to now, all the reported alpha-particle generation was
driven by low-repetition rate, high-energy, long-pulse lasers.
Operating one-shot typically takes an hour or more, which
severely limits potential applications. Routes that employ
femtosecond lasers as the drivers are noteworthy to study,
which can operate at a much higher repetition rate. Besides
the high-repetition rate, another advantage of femtosecond
lasers is that their intensities are much higher than long-
pulse lasers for the given pulse energy. The 100s TW or PW
femtosecond lasers can deliver intensities of 10'*~10** W/
cm” on the targets. Laser-ion acceleration at such high in-
tensity can produce copious MeV ions from nonequilibrium
laser-plasma interaction, matching the cross section’s apex
nicely.

Moreover, all the reported studies of laser-ion-initiated
H-'""B fusion utilize protons to bombard boron targets
[12, 23-28]. If the opposite scheme, i.e., initiating H-''B
fusion with energetic boron ions, is adopted, the generated
alpha-particles would be more directional due to the higher
mass of boron atoms [29]. The yield may also be enhanced as
studies show that the energy conversion efficiencies from
laser energy to heavy ions are higher than that of protons in
favorable acceleration regimes [30, 31]. Furthermore, this
scheme can be employed to investigate the stopping power
of boron ions inside solid or plasma targets, which is very
important for future H-''B nuclear reactors [29, 32, 33].
However, the alpha-particle generation by bombarding
hydrogenous solid or plasma targets with laser-accelerated
boron ions has not been realized yet. The main reason is the
shortage of energetic laser-accelerated boron ions. In the
widely adopted TNSA regime, the targets are ym-thick solid
foils [34]. Ions with the highest charge-to-mass ratio, i.e.,
protons, favorably gain energy from the sheath field. The
acceleration of heavy ions is drastically suppressed. With the
development of laser and target-fabrication technology,
ultrathin targets with nm-scale thickness were allowed to be
used in the experiments, indicating the prominent efficiency
for heavy ion acceleration. The variation of the laser and
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target parameters leads to different regimes such as radiation
pressure acceleration (RPA) [35, 36], relativistic induced
transparency (RIT) [37-39], breakout afterburner acceler-
ation (BOA) [40, 41], or hybrid acceleration [31, 42]. So far,
energetic heavy ions such as C®, Al'**, and Au®'"* have been
produced with maximum energy up to 1.2 GeV [31, 39, 43].

In this work, we report the first H-''B fusion and alpha-
particle generation results by bombarding hydrogenous
targets with laser-accelerated boron ions. The MeV-level
boron ions were accelerated from 60 nm-thick boron targets
under the irradiation of high-contrast femtosecond laser
pulses. The alpha-particles from H-''B fusion were mea-
sured by CR39 ion track detectors. The fusion reactions
happening inside the hydrogenous targets are discussed
considering the ion-nuclear collision, and the theoretical
yield is calculated based on the measured ''B spectra, which
is consistent with our experimental results.

2. Experimental Setup

2.1. Laser Parameters. The experiment was performed on a
200 TW CLAPA Ti: sapphire laser system at Peking Uni-
versity [44]. The experimental layout is shown in Figure 1(a).
An s-polarized laser pulse was normally focused on the
60 nm-thick boron nanofoils with the spot size of
8.4 x 9.2 ym (full width at half maximum) by an f/3 off-axis-
parabolic mirror. The central wavelength and duration of the
laser pulse were 800 nm and 30fs, respectively. A cross-
polarized wave system and a single plasma mirror system
were employed to improve the laser contrast ratio up to 10°@
40 ps and prevent the damage of targets from prepulses. The
on-target laser energy was 1], corresponding to a peak
intensity of 1 x 10 W/ecm? A 5 pm-thick plastic (C,oHgO4)
foil with the proton density of 4x10**/cm® was located
0.5mm behind the targets at the laser axis as the “catcher”
for H-'"'B reactions.

2.2. Boron Nanofoil Target. The boron nanofoils are pre-
pared by the RF-magnetron sputtering deposition using the
natural boron. The atomic ratio of '’B and ''B is 1:4. The
details of the target-fabrication method will be reported
elsewhere. To optimize the ion acceleration, we used 60 nm-
thick self-supporting B foils, the thinnest that could be
fabricated at that time, as the targets in the experimental
campaign. Figure 1(b) depicts the top-view morphology of a
60 nm-thick self-supporting boron nanofoils on a target hole
with a diameter of 0.5 mm. The chemical composition of the
targets is characterized by an energy dispersive spectrometer
in a scanning electron microscope (Figure 1(c)). Due to the
oxidation of the targets in the air, the atomic ratio of B: O is
1.1:1. Besides, the Si atoms are from the silicon wafer as a
target substrate during the fabrication. The C atoms come
from the contaminated layer of nanofoils. The density of the
foils, measured by the weighting method, is about 0.95g/
cm’. If the target is fully ionized, the electron density would
be n=160n, and here the critical density would be
n, = m,w?*/ (4ne?) = 1.7 x 10*'cm™>.
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FiGURre 1: (a) Experimental setup. The laser pulses irradiate a boron nanofoil with a normal incidence. A 5 ym-thick plastic foil was located
0.5 mm behind the boron nanofoil to initiate the H-''B fusion. The CR39, TPS, and Teflon plate were placed around the target to measure the
alpha-particles and boron ions and collect the transmitted light, respectively, (b) the top-view morphology of self-supporting nanofoils three
hours after preparation, and (c) the atomic weight ratio of the boron nanofoil.

2.3. Diagnostics. The energy spectra of the ions were mea-
sured by a Thomson parabola spectrometer (TPS) with a
microchannel plate (MCP) equipped with a phosphor screen
positioned 0.78 m away from the targets in the normal di-
rection of the targets. The collimated ions with different
energy and charge-to-mass ratio (CMR) were deflected by
the electromagnetic fields and hit on the MCP with parabola
traces. Ion signal multiplied by the MCP was converted to
optical signals captured by a 16-bit EMCCD camera. For a
good resolution of the traces, a tiny collimating aperture was
employed. The corresponding acceptance angle is only
4.2x107%sr, which allows the recognition of single-ion
events on the MCP [43, 45]. A Teflon plate with a through-
hole was placed behind the target to collect the transmitted
light, which can be used as a diagnostic for the laser-plasma
interaction.

The alpha-particles generated from H-''B fusion were
detected by CR39 ion track detectors at angles of —45°, 0%, 45°,
and 125°. Here, 0° is the laser-axis direction. The distance
between CR39 and the targets was 130 mm. The CR39 sheets
were wrapped in 10 ym-thick aluminium foils to block low-
energy ions. According to the Monte Carlo simulation re-
sults from SRIM [46], the minimum energy required to
penetrate 10 ym aluminium for proton, alpha-particle, bo-
ron, carbon, and oxygen ions is 0.8 MeV, 2.9 MeV, 9.5 MeV,
12 MeV, and 16.5 MeV, respectively. In our experiments, all
the carbon and oxygen ions were blocked by the Al foils (see
below), and only protons and alpha-particles with energy
above 0.8 MeV and 2.9 MeV could go through and result in
visible traces in CR39 after etching.

3. Result

3.1. Energy Spectra of Borons and Other Ions. The absolute
energy spectra of boron ions can be obtained from our TPS.
Figure 2(a) shows a raw image recorded by the TPS after the
shooting (without the secondary plastic foil). More than ten
spectral lines from boron, carbon, oxygen ions, and protons
can be identified. The parabolic traces of ''B ions are marked
with different lines. The boron ions with high charge states
(M1B3*, 1Bt HB5) can be clearly identified. Different from
protons and carbon ions, the traces of boron ions are
composed of cluster signals with similar shapes and clear
boundaries. Due to the small acceptance angle of the TPS,
the boron ions are sparsely distributed on the parabolic

traces, and a distinct cluster signal is the response of a single
boron ion hitting in MCP, indicating a “single-ion” event. By
summing up the counts for distinct clusters as the function
of ion energy, we can obtain the response of a single boron
ion [43]. Based on the single-ion response data, the absolute
energy spectra of ''B>*, "'B*, and ''B** ions have been
derived in Figure 2(b). The vertical error bars come from
deviations of the single-ion response, and horizontal error
bars reflect the width of the energy bins, which was adopted
to 0.2MeV to obtain smooth spectra curves. We can find
that the maximum energy of ''B**, "'B*', and "'B’" is
2.7MeV, 42MeV, and 5.8 MeV, respectively. The corre-
sponding ion temperature is 0.25MeV, 0.25MeV, and
0.47 MeV, respectively. The typical fluence is 10°~10'°/MeV/
sr, depending on the energy. For instance, the fluence of
"B" is 10°/MeV/sr at 5 MeV. The spectra of proton, carbon,
and oxygen ions from this shot are given in Figure 2(c).

3.2. Alpha-Particle Measurement. The CR39 sheets used for
alpha-particle measurement were etched in 6 mol/L NaOH
solution at 98°C for 2 hours to reveal the ion tracks.
Figure 3(a) displays the CR39 images with a solid angle of
3.3x 107" sr at the angle of 0° and 125° after three shots in a
row. A control CR39 sheet that was not put inside the
chamber was also etched with the same procedure, whose
surface morphology is shown in Figure 3(a) as well.
According to Figures 2(b) and 2(c), the maximum en-
ergy of laser-accelerated boron, carbon, and oxygen ions is
6MeV, 7MeV, and 8 MeV, respectively. Therefore, those
ions were completely blocked by the Al foils. The tracks of
protons and alpha-particles can be easily distinguished from
each other based on their sizes. We referred to the cali-
bration of protons and alpha-particles from Zhang et al.’s
works under the same etch condition [47], shown as the lines
in Figure 3(b). Therefore, the dense grey dots with diameters
of 4-6 ym represent the protons, while the alpha-particles
are larger black pits with diameters of 20-30 ym, as shown in
Figure 3(a). According to the proton’s spectrum from TPS
and considering their energy loss in the plastic and Al foil,
the proton tracks in the CR39s can be estimated as 9 x 10°/sr
at the 0°. So, about 10° protons can be observed in the CR39
image within a solid angle of 3.3 x 10~ sr, consistent with the
high number density of grey dots. We can find 31 alpha-
particle tracks at the 0° direction and only 7 at 125°. The
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energy of the alpha-particles can be roughly estimated from
the size of the tracks. The brown circles in Figure 3(b) show
some representative alpha-particles from 0° direction. The
energy range of alpha-particles is 3-5MeV, which is con-
sistent with the kinetic energy obtained from the fusion
reactions. By counting the number of the alpha-particles, we
can get the averaged angular distribution of alpha-particle
flux per shot as can be seen in Figure 3(c). Due to the oft-line
measurement of CR39 and the limited beamtime, we did not
perform more shots and, unfortunately, cannot give the
shot-to-shot fluctuations. Generally speaking, the angular
distribution shows a directional feature in the forward di-
rection due to the momentum of the boron ions. The peak
yield is 3+0.2x10°/sr/J] and the experimental uncertainty
comes from the statistical error of tracks on CR39. It should
be noted that the given values in Figure 3(c) are conservative
as only alpha-particles with energies above 2.9 MeV can be
detected after the shielding of the Al foils.

4. Discussion

We can theoretically calculate the yield of the alpha-particles
from the measured boron spectra and compare it with that
from the CR39 measurement. The number of boron-induced
fusion reactions N ; can be estimated using the differential
equation describing the ion-nuclear collisional process in the
target nucleus [48] with a thickness of D represented as

N, . .
1
dE*dE’ (1)

D
AN, = Jno(E)vb (x)dtdN, = n JO o (E)dx

where n=4x10°*/cm’ is the proton density of the target
nucleus, o (E) is the nuclear cross section, and v,, N}, are the
velocity and number of incident ions, respectively. dN ; is
the number of reactions driven by the boron ions impinging
on the target with kinetic energy between E* and E* + dE*.
dN,/dE* represents the energy spectrum of the incident
boron ions, as reported in Figure 2(b). The thickness D of



Laser and Particle Beams

Blank CR39 50um

e 30 | o

= ---90.-7

. OO

Z 20f

g

s

]

g 10f

g

H T e - - =
0 1 1 1 1

2 3 4 5
Energy (MeV)

---- Alpha (Y. Zhang)
--—-- Proton (Y. Zhang)

o  Our result

(®)

180°

90°
(©)

FIGURE 3: Alpha-particle generation from H-''B fusion measured by CR39. (a) Raw images of CR39 sheets, (b) calibrated track diameters
versus the energy of protons and alpha-particles [47] and representative alpha-particles of our result, and (c) the angular dependence of
alpha-particle flux. The inset shows the experimental layout of the pitcher-catcher scheme.

5um is close to the projected range Rp_s ¢y = 7.8um for
boron ions with the maximum energy of 5.8 MeV. Although
some high-energy boron ions can pass through the second
target, the number is small, an order of magnitude lower
than that of the 4 MeV-boron ions as shown in Figure 2(b).
Moreover, their kinetic energy has degraded to below
2MeV, corresponding to a pretty low fusion reactivity.
Therefore, we believe that most boron ions are exhausted
and stopped in the target nucleus for simplicity. Equation (1)
can be further expressed in terms of the energy E of boron
ions,

de*, (2)

0 O'(E)d dNb E*sz'E*U(E) dNb

dNy = ”J e dE/dx " dE" o s Par

where S(E) = —dE/dx represents the stopping power of the
target nucleus against incident boron ions. By integrating the
energy E, the number of all alpha-particles generated from
H-"'B fusion can be expressed as

N, = 3N :3nJEO<JE*@dE> Wogpe (3)

o \Jo S(E) dE*

Figure 4 depicts the curves of 0 (E), S(E), and dN,/dE*
as the function of boron-ion energy. The S(E) in plastic
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FIGUre 4: Blackline: the stopping power S(E) of boron ions.
Redline: the cross section o (E) of H-''B fusion as a function of
boron-ion energy in the lab. Brown lines: the energy spectra
dN,/dE* of "'B>*, "'B*', and ''B**. The dashed lines are the ex-
ponential fitting of energy spectra.

(C10HgO4) is simulated with SRIM [46], including the
electronic and nuclear energy loss based on the cold target.
The o (E) of H-''B fusion is expressed according to Nevins
and Swain’s results [21, 49] and polynomially fitted as given
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TaBLE 1: Curve fitting functions of 0 (E), S(E), and dN,/dE* and the number of alpha-particles N,,.

Ions 11B5+ 11B4+ 11B3+ Total

dNb/dE* e(—E/0.47+3048) e(fE/0.25+34.3) e(fE/o.zs+29.z) .

o (E) 0.0004934 E> - 0.0132 E* + 0.1155 E> — 0.3694 E* + 0.4366 E— 0.115 —

S (E) 0.0006076 E> —0.02117 E* + 0.2801 E> —1.767 E* + 5.194 E + 1.748 —

N, 1.04 x10° 5.58 x10* 3.78 x10° 1.6x10°

Ratio 64.9% 34.8% 0.3% 100%

"The units of the parameters match the axes in Figure 4.

in Table 1. The dN,/dE* of ''B>*, ''B*", and ''B** are also
exponentially fitted in Table 1 according to Figure 2(b). The
low-energy boron ions that were not measured by the TPS
are also included by extrapolation down to 1 MeV. Table 1
gives the theoretical yield of alpha-particle from ''B>*, ''B**,
and ''B** ions. One can find that the contribution from
"'B>* and "'B*" is 64.9% and 34.8%, respectively. The energy
of contribution from ''B*" cannot be ignored even though
their energy is lower than that of ''B>*. The total yield of
alpha-particles is N, = 1.6 x 10°/sr, which matches the ex-
perimental measurement from CR39 very well. Besides the
g (p, &) 2a, other channels such as 2c (p, a) and 150 (p, )
can also contribute to the alpha-particle generation. How-
ever, the cross section of these reactions is two to three
orders of magnitude lower at the relevant energy [50]. Based
on the measured energy spectra, the estimated total alpha-
particle yield from the accelerated C, O, and H is about 10*/
st, two orders of magnitude lower than the observation.
The theoretical and measured alpha-particle yield of
10°a/sr/shot with 1] femtosecond laser pulses reaches a
similar level to the case of proton-induced laser-driven
fusion [12, 24, 25]. It should be noted that the reaction
condition is still far from the apex of the cross section at
7.4MeV (0=1.2 barn) (see Figure 4). Futher enhancement
of the energy of B ions would lead to a higher yield and better
collimation of the alpha-particles. Our simulation shows that
the yield can be increased from 1.04 x 10> to 1.89 x 10°a/st/
shot if the maximum ''B>* energy and the temperature can
be enhanced to 13MeV and 1.3 MeV, respectively (total
"'B>* ion number keeps the same), which is very promising
at higher laser intensities. Alternatively, further optimizing
the thickness of the targets would also lead to higher ion
energy and more H-''B reactions. Our 60 nm-thick B targets
are slightly thicker than the optimum thickness of 10 nm in
the RPA regime, according to | ~ Aayn./n,. Here, a,=2.2 is
the normalized laser field. In these targets, TNSA probably is
the primary acceleration mechanism. Further reducing the
thicknesses of the targets would enable us to utilize more
favorable acceleration regimes such as RPA or RIT.

5. Conclusion

In summary, we report the generation of 3 +0.2 x 10°/sr/J
alpha-particles initiated by boron ions driven by a compact
femtosecond laser for the first time. The yield is in good
agreement with the theoretical calculation based on the
measured ''B spectra, the stopping power of the boron ions
in solid targets, and the reported cross section of H-''B
fusion. Our results demonstrate an alternative way toward

ultrashort MeV alpha-particle sources with compact fem-
tosecond lasers. The ion acceleration and product mea-
surement scheme can provide a referential method for future
studies on the stopping power of boron ions and the cor-
responding nuclear cross section of H-''B fusion in plasma
by heating the “catcher” target into plasma. With higher
laser intensities or thinner nanofoils in the future, the en-
ergies and the number of boron ions would further increase.
The resulting higher-yield and directional alpha-particles at
high-repetition rate could be promising for medical studies
and industrial applications.
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The proton-boron (p ! B) reaction is regarded as the holy grail of advanced fusion fuels, where the primary reaction produces 3
energetic « particles. However, due to the high nuclear bounding energy and bremsstrahlung energy losses, energy gain from the p
! B fusion is hard to achieve in thermal fusion conditions. Owing to advances in intense laser technology, the p!! B fusion has
drawn renewed attention by using an intense laser-accelerated proton beam to impact a boron-11 target. As one of the most
influential works in this field, Labaune et al. first experimentally found that states of boron (solid or plasma) play an important role
in the yield of « particles. This exciting experimental finding rouses an attempt to measure the nuclear fusion cross section in a
plasma environment. However, up to now, there is still no quantitative explanation. Based on large-scale, fully kinetic computer
simulations, the inner physical mechanism of yield increment is uncovered, and a quantitative explanation is given. Our results
indicate the yield increment is attributed to the reduced energy loss of the protons under the synergetic influences of degeneracy

effects and collective electromagnetic effects. Our work may serve as a reference for not only analyzing or improving further

experiments of the p !

confinement fusions.

1. Introduction

Progress in fusion experiments has been continuously made
towards the final goal of contributing to the world’s energy
supply. Both the magnetic confinement fusion (MCF) ex-
periments and the inertial confinement fusion (ICF) exper-
iments have achieved significant milestones in recent years.
The Experimental Advanced Superconducting Tokamak
(EAST) at Hefei has made a world record for realizing a 101-
second H-mode discharge [1], and the most advanced ICF
experiments at the Livermore National Ignition Facility (NIF)
have obtained a 1.35-M]J fusion energy output recently, which

B fusion but also investigating other beam-plasma systems, such as ion-driven inertial

is about 70% of the laser input energy [2]. Despite the great
achievements, there remains a long way to go to solve the
energy crisis. For the magnetic confinement approach, ade-
quate plasma confinement time and qualified materials for the
first wall of the reactor, which can bear the tough conditions,
are still two main issues to be addressed. As for the inertial
confinement approach, in the case of the NIF, though it
obtains 1.35-M]J energy, it starts with more than 400 MJ of
total stored energy. From this perspective, the ratio of the total
output energy to the total input energy is quite low and far
from the envisioned goal of achieving a gain of 10. Moreover,
14-MeV neutrons produced by deuterium-tritium (D-T)
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fusion also raise some concerns about induced radioactivity,
and it is still a challenging problem to efficiently convert
neutron energy into useful electricity.

While we are convinced that nuclear fusion is the world
energy source of the future, it is obvious that even if, from
now on, all fusion scenarios based on the ITER technology or
similar technology proceed on schedule, fusion will not
contribute significantly to eliminating the problems asso-
ciated with climate change in a short time. Having said that,
we believe that it makes sense to investigate fusion scenarios
that use fusion fuel that is not radioactive and is available in
abundant quantities. The holy grail of advanced fusion fuels,
therefore, is considered to be the p !! B reaction, where the
primary reaction produces 3 energetic « particles.

"B+ p— 3a+8.7MeV. (1)

Only secondary reactions produce neutrons and induce
radioactivity. Although the peak fusion cross section is
comparable to the D-T fusion, due to the much higher
nuclear bounding energy and bremsstrahlung energy losses,
energy gain from the p !' B fusion is hard to achieve in
thermal fusion conditions.

Owing to advances in laser technology [3, 4], it has
becomes easier to obtain high-intensity ion beams [5, 6] and
explore warm-dense-matter physics [7, 8] or high-energy-
density physics [9, 10], and the p !' B fusion has also drawn
renewed attention [11-13]. The proposal of using intense
laser beams or intense laser-accelerated proton beams to
impact a boron target so as to generate the p !' B fusion is
becoming increasingly attractive. Based on this method, a
number of groups [14-20] have performed a series of ex-
periments on the p !! B fusion reaction and measured the
yields of a particles. Meanwhile, significant progress has also
continuously been made in this field. The record yield of «
particles has increased from 10%/sr in 2005 [14, 21] to 10'%/sr
in 2020 [18]. However, there still remain unclear physical
mechanisms in the interaction of a proton beam and a boron
target, which strongly depends on the intensity of the proton
beam as well as the conditions of the boron target, including
temperature, density, ingredients, and so on, and potentially
has a large influence on the possibility of the p !' B fusion
reaction and the a-particle yield. Labaune et al. [15] first
experimentally found that states of boron (solid or plasma)
play an important role in the yield of « particles produced by
the p ! B fusion reaction. In their experiments, compared
with boron solid, a boron plasma ablated by a nanosecond
laser can produce many more (nearly two orders of mag-
nitude more) « particles under the impact of a proton beam
accelerated by a picosecond laser. As the inner physical
mechanism of their experiments is still not clear, in order to
figure out the issue, we have recently performed a set of
simulations according to their experiments.

2. The Interaction between a Nanosecond Laser
and a Boron Solid

To ascertain the specific state of the boron target after it is
ablated, we have performed a one-dimensional radiation-
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hydrodynamic simulation with the MULTI-1D code [22]
on the interaction of a nanosecond laser pulse and a boron
solid, which is the first step in the experiment of Labaune
etal. The MULTI-1D code has been widely used by various
authors [23-27]. Readers are suggested to refer to Ref. [22]
for more detailed information. In our simulation, the grid
size is 8 ym and the time step is 0.02 ns. To be consistent
with the experiments, the laser duration time is 1.5 ns with
a 0.53 um wavelength and an intensity of 6 x 10"Wcm™2.
The initial mass density of the boron solid is set to 2.34 g/
cm®. The simulation results of the mass density distri-
butions and the temperature distributions of the boron
target at different moments are displayed in Figures 1(a)
and 1(c). For the purpose of further analysis, we have
extracted the data at t=1.2ns, as shown in Figures 1(b)
and 1(d). A low-density boron plasma is widely formed in
the region away from the boron solid, whereas, on the
surface of the boron solid, there actually exists a high-
density boron plasma that is driven by shocks. To the best
of our knowledge, this high-density boron plasma was not
considered seriously in previous studies. It can also be
seen in Figures 1(b) and 1(d) that the surface high-density
boron plasma is about 5 times denser than the boron solid,
its range is about tens of microns, and its temperature is
about 10 eV. Under this condition, the ionization degree
of the boron target is about two [28]. To quantitatively
evaluate the impact of degeneracy effects, we can define
the degeneracy degree of plasma electrons as 6 = kzT,/Ep,
where  kgT is  the thermal energy and
Ep = (3ﬂ2ne)2f3h2/(2me) is the Fermi energy. Here, n, is
the density of plasma electrons, % is the reduced Planck’s
constant and m, is the electron mass. By using the above
parameters of the boron target, we can obtain.

g="eTe 0231, (2)

Ep

This indicates that after the laser ablated the boron solid,
degeneracy effects indeed should be taken into account.

3. The Interaction Between a Proton Beam and a
Boron Target under the Different States

Next, we further performed another set of simulations with
the LAPINS code [29-33] on the p!!B fusion by injecting
proton beams into a boron solid and a boron plasma, re-
spectively. To make the simulations more credible and closer
to the real experimental situation, modules of collisional
effects [30], degeneracy effects [31] and nuclear reactions
[32] are contained in the LAPINS code. Detailed informa-
tion on these modules can be found in the relevant refer-
ences. Moreover, to deal with the self-generated
electromagnetic fields of the beam-target system, collective
electromagnetic effects are also considered in the LAPINS
code. As a hybrid PIC code, the LAPINS code treats plasma
ions and the injected beam particles by using the traditional
PIC method, while plasma electrons are treated as a fluid, of
which the current density is solved by applying Ampere’s law
as follows [34]:
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FiGure 1: Evolution of the mass density distribution in (a) and the
temperature distribution in (c) of boron ions with time. (b) and (d)
correspond to the mass density distribution and the temperature
distribution at ¢= 1.2 ns, respectively.
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where B is the magnetic field, E is the electric field, J,, is the
beam current density and J; is the plasma ion current
density. Applying the continuity equationV - J + dp/ot = 0,
where ] = J;, + ], + J; is the total current density, and p is the
charge density, we can see that the Poisson’s equation V - E =
2mp is rigorously satisfied, which indicates the charge sep-
aration electric field is naturally contained in the LAPINS
code.

When a charged particle beam is injected into a target,
target electrons will quickly respond to the electromagnetic
fields generated by the beam and neutralize the beam’s
charge and current. The fields generated by the beam-target
system depend on not only the quality of the beam but also
the target’s ability to cancel the beam charge and current
[34]. A widely used model to calculate the electric field is the
basic Ohm’s law [34-38], E = 4], where 7 is the resistivity,
which is obtained by averaging over all binary collisions at
each time step for each simulation cell in a natural manner.
The LAPINS code applies to a more general form as follows:

1

E= n]e Ve X B enevpe’ (4)
where v, is the flow velocity of plasma electrons, p, is the
plasma electron thermal pressure, n, is the plasma electron
density, and e is the elementary charge. The magnetic field is
finally derived from Faraday’s law,0B/0t = =V x E. As only a
part of Maxwell’s equations needs to be solved, this method
is of high speed and particularly useful for large-scale
simulations.

As mentioned above, degeneracy effects and collective
electromagnetic effects are important in our cases. To
evaluate the influences of these two effects on the p ! B
fusion, we have performed four simulations. With the
module of collective electromagnetic effects on/off, a proton
beam interacts with a boron solid/plasma. These simulations
are based on a two-dimensional Z-Y Cartesian geometry.
The grid size is 0.1 ymx 0.2 ym, and the time step is 1.6 fs. To
make the proton beam possess a wide energy spectrum
similar to the experimental result obtained by Labaune et al.,
we set both the kinetic energy and the temperature of the
proton beam to 1 MeV. The duration time of the proton
beam is 1ps. The parameters of the boron targets are
extracted from the results of the MULTI-1D simulation in
Section 2. The density of the boron solid and the boron
plasma is 2.34g/cm 3 and 11.4g/cm 3, respectively. The
temperature of the boron solid is set to 0.0243 eV (room
temperature), and the temperature of the boron plasma is set
to 10 eV. The simulation results of the proton mass density
distributions and the electric field distributions at t=1.3 ps
are displayed in Figure 2.

4. Results and Discussion

Comparing Figures 2a and 2b, we can see that for the boron
solid, the proton beam can only penetrate to the surface,
whereas for the boron plasma, it can penetrate to a longer
distance. This difference can be explained as follows. The
boron solid has a large resistivity, and the boron plasma,
with abundant free electrons, has a much lower resistivity.
Ohm’s law (4) reveals the fact that the large difference in
resistivity will lead to a significant difference in the electric
field generation. As shown in Figure. 2c and 2d, the max-
imum value of the electric field in the boron solid is more
than 100 times stronger than that in the boron plasma. Such
a strong electric field in the boron solid will greatly prevent
the beam from penetrating deeper into the target.
Imitating the experimental measurement method, we
have recorded the energy spectra of « particles escaping from
the left simulation boundary in the range of 0 to 6.5 MeV,
which are plotted in Figure 3. Comparing the cases of the
boron plasma without electromagnetic fields (5N-noEB) and
the boron solid without electromagnetic fields (N-noEB), we
find that when electromagnetic fields are not calculated in
the simulations, there are about 40% more « particles
produced by the p''B fusion reactions in the laser-ablated
boron solid (boron plasma). This difference is attributed to
degeneracy effects, which do not play a role in the solid
boron target but become non-negligible after laser ablation,
as mentioned above. A theoretical explanation can be given
here. For degenerate electrons, their velocity distribution is
governed by the Fermi-Dirac (FD) statistics as follows:

om 1
(27h)’n, exp[B(E. )] + 1
where m, is the electron mass, § = 1/kgT,, E, is the electron

energy, and p is the chemical potential. The dielectric
function of degenerate electrons can be expressed as [39].

feo(ve) = (5)
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FIGURE 2: Mass density distributions of the proton beam and the
electric field distributions at ¢ = 1.3 ps for the boron solid in (a) and
(c) and for the laser-ablated boron solid (boron plasma) in (b) and
(d), respectively. The boron targets are located on the right side of
the white dashed lines in (a) and (b). The black arrows in (a) and (b)
indicate the incident direction of the proton beams, of which the
angle is 45° to the z-axis. The white arrows in (c) and (d) are the
directions of the electric fields. In (d), the white x100’ means the
electric field is magnified by a factor of 100, which generally
suggests the real electric field in (d) is at least 100 times weaker than
that in (c).

e(k,w)z1+%[g(u+z)—g(u—z)]. (6)

dnkpayz
Here, a, is the Bohr radius, k; = m,vh = (37%n,)">,
u = wlkvy, z = k/2kg, and

(® ydy x+y
g(x) = JO exp (Dy” i)+ lln<x — y), (7)

where D = Epf3 is the degeneracy parameter. Finally, the
stopping power of degenerate electrons can be obtained by
the widely used dielectric formalism [40-43].

dE  2(Ze)* (®dk (¥
o %]

T dz m? o k

-1
dwwlm[m]. (8)

0

For the convenience of analysis, it is instructive to take
advantage of the stopping power per unit density (SPPUD)
to evaluate the influence of degeneracy effects

r_ _SP
sp' = —.
e ©)

Figure 4 shows the numerical results of (9) for different
electron densities. It can be seen that if the electron density is
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FIGURE 3: The energy spectra of « particles escaping from the left
simulation boundary in the range of 0 MeV to 6.5 MeV: (1) the blue
line (N-noEB), the boron solid without electromagnetic fields; (2)
the red line (5N-noEB), the boron plasma without electromagnetic
fields; (3) the blue triangle line (N-EB), the boron solid with
electromagnetic fields; (4) the red square line (5N-EB), the boron
plasma with electromagnetic fields. The yellow patch corresponds
to where it cannot be measured in the experiments.

increased from 2.52 x 10** cm ~3 (density of the boron solid)
to 1.26 x 10** cm ~2 (density of the boron plasma), SPPUD
of the electrons is decreased. In our cases, the yield of «
particles produced by the p !! B fusion can be expressed as
(18].

3N,n, (Fo dE\ "' 3N, (Fo(E)
N, =2 ej B) = dE:—PJ dE,
¢ Z; 0 o )(dz) Z; Jo Sp,

1

(10)

where N, is the number of protons, Z; is the charge number
of the boron ion, ando (E) is the cross section of the p !! B
fusion. (10) reveals the relation between the yield of «
particles and the SPPUD of the electrons and implies that the
proton beam propagating in the high-density boron plasma
will have more chances to collide with boron nuclei, generate
the p 1! B fusion and produce « particles, which is consistent
with our simulation results about the gap between the cases
of the boron plasma without electromagnetic fields (5N-
noEB) and the boron solid without electromagnetic fields
(N-noEB) in Figure 3. Both the theory and the simulations
indicate that degeneracy effects have an influence on the p !!
B fusion. Nonetheless, quantitatively speaking, they are not
the primary factor that causes the significant difference in
the yield of « particles in the experiments of Labaune et al.
since, as shown in Figure 3, they can only increase the yield
by about 40%.

It can be seen in Figure 3 that there is a large gap between
the cases of the boron solid without electromagnetic fields
(N-noEB) and the boron solid with electromagnetic fields
(N-EB), which indicates that in terms of the boron solid,
collective electromagnetic effects have a huge influence on
the number of fusion reactions and the yield of « particles.
As mentioned above and shown in Figure 2c, when the
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FIGURE 4: SPPUD as a function of the proton energy. For the blue
solid line, the electron density is n, = 2.52 x 102 cm ~3, corre-
sponding to the density of the boron solid, and for the red dotted
line, the electron density is 1, = 1.26 x 10** cm ~3, corresponding

to the density of boron plasma.

proton beam is injected into the boron solid, a strong
stopping electric field will be generated. On the one hand, it
can greatly increase the energy loss of the proton beam and
prevent the beam from penetrating. Recently, Ren et al
presented a piece of experimental evidence on the signifi-
cantly enhanced energy loss of a laser-accelerated proton
beam in the dense ionized matter [44], which is similar to the
case we are describing. On the other hand, (10) shows that if
the energy loss of the beam increases, the number of fusion
reactions and the yield of « particles will decrease accord-
ingly. For the boron plasma, the gap between the cases of the
boron plasma without electromagnetic fields (5N-noEB) and
the boron plasma with electromagnetic fields (5N-EB) is not
that large because, compared with the boron solid, the boron
plasma has a much lower resistivity and, according to Ohm’s
law Eq. (4), the generated electric field will also be smaller, as
displayed in Figure 2c and 2d. Therefore, collective elec-
tromagnetic effects in the boron plasma are not as significant
as in the boron solid. Collective electromagnetic effects
described in this paper are a kind of nonlinear effects caused
by a large number of injected ions. Previously commonly
used single-particle theories and simulation models cannot
be used here. Collective electromagnetic effects depend on
many factors, such as the current density of the proton beam,
the resistivity of the boron target, and the flow velocity of
plasma electrons.

For the cases of the boron solid without electromagnetic
fields (N-EB) and the boron plasma with electromagnetic
fields (5N-EB), both degeneracy effects and collective
electromagnetic effects are taken into account. The gap in the
yields of « particles between these two cases is about a tenth
of a second, which is in good agreement with the results at
dt=1.2ns in the experiments of Labaune et al. As we have
discussed above separately, the gap here originates from two

aspects: degeneracy effects and collective electromagnetic
effects. They exert influences on the number of fusion re-
actions by changing the energy loss of the proton beam. To
be specific, the more energy the proton beam losses during
its transport in boron targets, the smaller the number of
fusion reactions between protons and boron atomic nuclei
will be. Readers may notice that the specific numbers of
recorded «a particles in our simulations are greater than those
in the experiments. Actually, it is caused by the difference in
the total number of injected protons between our simula-
tions and their experiments. As shown in Eq. (10), the yield
of a particles produced by the p !! B fusion is proportional to
the number of protons. If the total numbers of protons in our
simulations is greater than that in the experiments, then
there will be an equal multiple difference in the yields of «
particles. In this work, we are concerned with the difference
in the a-particle yields produced in different states of boron
targets rather than the specific numbers. From this per-
spective, our simulations are indeed in good agreement with
the experiments.

Eventually, it should be mentioned that while « particles
produced by the p !! B fusion are propagating in boron
targets, they are simultaneously heated and being stopped by
the background particles [45-47], which, as a matter of fact,
will alter the initial energy spectrum of « particles. This
indicates that degeneracy effects and collective electro-
magnetic effects influence not only the yield of « particles
but also their energy spectrum or velocity distributions.
Degeneracy effects can be considered to be isotropic if local
fluctuations of the boron density and temperature are ig-
nored, but it is not the case with collective electromagnetic
effects. For the a particles moving forward (the opposite
direction of the electric field), their energy loss will be in-
creased, whereas for the « particles moving backward (the
same direction as the electric field), they will be accelerated
by the electric field and gain energy. Whether one tries to use
the p !! B fusion to obtain a net energy output to solve the
energy crisis or view the p!! B fusion as a-particle source, the
influences of degeneracy effects and collective electromag-
netic effects on the energy evolution of « particles could be a
topic worthy of in-depth study in future work.

5. Conclusion

The influences of the boron state on the yield of « particles
produced by the p !! B fusion have been studied. It is found
that compared with a boron solid, a boron plasma can
produce much more « particles under the impact of a proton
beam, which in this paper is proved to be attributed to
degeneracy effects and collective electromagnetic effects.
First, when a boron solid is ablated into a boron plasma by a
nanosecond laser, degeneracy effects become non-negligible
and can increase the yield of a particles by about 40%.
Besides, a boron solid, as a poor conductor of electricity, has
a large resistivity, while a boron plasma with abundant free
electrons has a much lower resistivity. Ohm’s law (4) in-
dicates that such a transition from boron solid to a boron
plasma will lead to a reduction in the generation of elec-
tromagnetic fields. Simulation results show that the



reduction of collective electromagnetic effects can signifi-
cantly increase the yield of « particles by one to two orders of
magnitude. Degeneracy effects and collective electromag-
netic effects exert influences on the number of fusion re-
actions by changing the energy loss of the proton beam. To
be specific, if the energy loss of the proton beam is decreased
during its transporting in boron targets, the protons will
have more chances to collide with boron nuclei, generate the
p '' B fusion, and produce « particles.

Our results are in good agreement with the experiments
of Labaune et al., and we believe that for future experiments
of the p !! B fusion, a promising method to improve the yield
of a particles is to heat and compress boron solid into a high-
density plasma before injecting a proton beam, because in
doing so, the energy loss of the proton beam will be reduced
and, accordingly, more fusion reactions are expected to
occur. Moreover, our findings may also be able to serve as a
reference for investigating other beam-plasma systems, such
as ion-driven inertial confinement fusions.
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Proton-boron fusion would offer considerable advantages for the purpose of energy production as the reaction is aneutronic and
does not involve radioactive species. Its exploitation, however, appears to be particularly challenging due to the low reactivity of
the H-"'B fuel at temperatures up to 100 keV. Fusion chain-reaction concepts have been proposed as possible means to overcome
this limitation. Relevant findings are reviewed in this article. Energy-amplification processes are also presented, which are of
interest for beam-fusion experiments and fast ignition of H-''B fuel. Directions for further work are outlined as well.

1. Introduction

The p-''B fusion reaction produces 3 a-particles with a Q-
value of about 8.7 MeV. A mixture of H and ''B has been
proposed as an advanced fusion fuel because of certain
attractive features [1, 2]. With regard to the reactants, they
are abundant in nature (implying that no breeding would be
needed), stable (meaning that issues like those associated
with the radioactivity of tritium in DT fusion would be
avoided), and cheap. With regard to the fusion products,
there are only charged particles so that all the reaction
energy can be released to the fuel (it is also worth noticing
the possibility of direct energy conversion into electricity,
without passing through a thermodynamic cycle). More
importantly, no neutron is generated, meaning no induced
activation of the environment surrounding the fuel (actually,
there is still a residual neutron production in the fuel
through the (p,n) and («,n) side reactions on B, though the
rate is very low). Finally, as an inertial confinement fusion
(ICF) fuel, the target would not need to be cryogenic.

A plot of the fusion cross section, 0, as a function of the
centre of mass (CM) energy, E.,,, is shown in Figure 1(a).
Resonances of major interest for H-''B fusion are bounded
by dashed lines: at 148 keV (with a width of just 5keV) and
612keV (with a width of 300keV) [3]. At 612keV, of
reaches its maximum value, 1.4barn [6]. Below

approximately 3.5 MeV, the reaction proceeds through 3
channels [6, 7]: the low branching-ratio 2C direct breakup
and the sequential decays via the first excited state or the
ground state of 8Be, i.e.:

8
/ o + Be(l)—)(x1+0¢n+(x12
1 12 s
p+t B=7C —  ay+ Beg —an + g + &g - (1)

N 3a

Summed over the reaction channels, the energy spec-
trum of the generated a-particles is a continuum; for an
incoming proton with energy at the cross section maximum,
it extends up to about 6.7MeV in the laboratory. The
spectrum is strongly peaked around 4 MeV. One can say
that, on average, two «’s are emitted at 4 MeV, while one is
emitted at 1 MeV [8]. The «’s angular distribution is iso-
tropic in the CM system (nearly in the laboratory, because of
the proton momentum).

In Figure 1(b), the reactivity, <ogv>, s shown as a
function of ion temperature for H-''B fuel and, as a term of
comparison, DT fuel [3, 4]. We recall that the thermonuclear
specific reaction rate is given by R&#nyny (o ,v), where ny
and ny are the number densities of the fusing species. The
low reactivity represents a major drawback of H-''B fuel: for
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Publishing Ltd. 2021.

instance, at temperatures of the order of those currently
achievable in magnetic and inertial confinement experi-
ments (around 10keV), the H-''B reactivity is 5 orders of
magnitude lower than the DT reactivity.

The first comprehensive assessment of the viability of
H-"'B fuel for thermonuclear fusion was carried out by
Moreau [9] at the Princeton Plasma Physics Laboratory,
mid-seventies. A steady-state, two-temperature (T, T;)
analysis of the balance of the power fluxes was applied:
namely, from the fusion products the heat goes entirely to
the fuel ions, then from the ions to the electrons, finally into
radiation. Note that this power flow scheme requires
T;>T,. In the case T; = T,, the plasma was found to not
ignite because of the predominance of radiation losses. We
recall that the fusion power per unit volume, Py, is given by
the product RQ, where Q is the reaction Q-value; the
specific power transfer from ions to electrons, —dW,/d¢, is
proportional to n? (T; — T,)/T,*?, while the radiation power
lost by bremsstrahlung, Pg, scales as n2T1? and the syn-
chrotron radiation power, P, as n,T,B?, where B is the
magnetic field. Confinement requires that
B> (n,T, +nT;)/B, where B is the beta ratio, the main
parameter for confinement efficiency (typically, S« 1 in
tokamaks, though higher values are desirable for fusion
power production). For ignition to occur, the curves P =
—dW,/dt and Pp = (Pg + Pg) (1 — 1), where 7 is the recir-
culating power fraction, must intersect in the T,-T; plane.

For the case of magnetic confinement, upon realistic
assumptions for the recirculating power and confinement
conditions, this analysis showed that no ignition point could
arise in the T,-T; plane when, in addition to bremsstrahlung,
synchrotron radiation losses were also taken into account.
The conclusion was that H-'"'B fusion is unfeasible in

tokamaks. A chance, however, could come from inertial
confinement, where only bremsstrahlung losses count. In
this case, working at much higher densities, ignition points
do exist in the T,-T; plane (Figure 2). For example, upon the
hypothesis of a 70% fraction of fusion power to fuel ions, an
ignition point exists for T,=140keV and T;=280keV,
though these values are very high. At a fuel density of 10°
ion cm™ (boron-to-proton concentration just lower than
10%), the Lawson criterion requires a minimum confine-
ment time, 7, of 16 ps. Then, igniting the smallest possible
pellet, with radius 7, times the speed of sound, would require
alaser energy of 7 MJ. Such a figure is still challenging today,
40 years after Moreau’s study. This explains why H-''B
fusion was put on hold, at least on the ground of experiment,
and it took almost 30 years before having its first demon-
stration by lasers [10]. Moreover, the demonstration was
achieved very far from the prescribed thermonuclear regime,
indeed by exploiting an effect unknown at the time of
Moreau’s work, which is laser acceleration of ions.

This article is intended to give an overview of the
nonthermal effects which can complement and supplement
the thermonuclear burn of H-''B fuel, through fusion
events’ multiplication or chain-like mechanisms. The fol-
lowing processes and concepts are reviewed:

(a) Fusion chain progressing via intermediate nuclear
reactions;

(b) Suprathermal fusion chain, i.e., the chain sustained
by suprathermal fuel ions elastically scattered by the
fusion-born «’s; and

(c) The energy multiplication (or amplification) factor in
a beam-driven fusion scheme, which is relevant to
proton fast ignition.
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2. Multiplication Processes

2.1. Fusion Chain via Intermediate Nuclear Reactions. The
possibility of a fusion chain progressing via intermediate
nuclear reactions in H-B targets has been presented in two
works by Belyaev et al. [11, 12]. The basic chain relies on the
fact that a fusion-born a-particle can in turn react with ''B
through the reaction:

a+"'B — p+'*C + 0.8 MeV, (2)

which generates a high-energy proton. This proton can
in turn fuse with ''B, possibly giving rise to a chain reaction.
However, there is the competing reaction:

a+''B — n+"N, (3)

which acts as a sink of &’s and generates neutrons. The
neutron- and proton-generating reactions have a compa-
rable cross section.

To compensate for the loss of a-particles in the fuel due
to the neutron channel, and to reabsorb the neutron inside
the fuel, one should exploit neutron capture on '°B, i.e.:

n+B — a+’Li. (4)

This means that natural boron should be used in the fuel,
or ''B should be adequately supplemented with '°B.

Along all the reaction pathways in the chain, the authors
find that the number of protons, a-particles, and neutrons in
the fuel grows up as an avalanche over times of the order of
1 ys, approximately; cfr. Figure 1 in ref. [12]. One has to
remark, however, that this approach lies upon highly ide-
alised assumptions, in particular,

(i) maximum values of the reaction cross sections have
been used,

(ii) particles’ energy losses have been neglected, and

(iii) a too long confinement time is required, which is
unrealistic for warm, solid-density fuel.

Shmatov [13] has finally shown that at least for
temperatures up to 100keV, only a tiny fraction of
a-particles would be capable to react with ''B because of
their loss of energy in the fuel, thus preventing the de-
velopment of the chain. On another note, if Belyaev et al.’s
chain developed, fuel neutronicity would become con-
siderably high, which would jeopardise the most ap-
pealing feature of H-''B fusion.

It is also worth mentioning that experiments have been
done by Labaune et al. [14] at LULIL, France, to test the
possibility of inducing a chain reaction in natural-boron or
boron-nitride targets under irradiation by laser-accelerated
protons (generated from a thin foil). Targets were solid or
conditioned in a plasma state by laser irradiation. The
authors intended to exploit several nuclear reaction
pathways, as detailed in Figure 3. Even in the absence of a
self-sustaining chain, they hoped that secondary reactions
could substantially increase the energy yield compared with
a pure p-''B fusion scenario. While secondary reactions
have successfully been induced and measured under such
schemes, one has nevertheless to conclude that their rate is
too low to induce any significant avalanche process or
increase in the energy yield. For instance, in the case of a
solid boron-nitride target, the overall number of the
X(p,''C) reactions, with X="'B or "*N (Figure 3(b)), was
estimated at 10° per shot by means of ''C decay mea-
surements. This figure appears to be at least 1000 times
smaller than the number of 11B(p, 3a) fusion reactions
(>10° per shot).

2.2. Suprathermal Fusion Chain. The fact that three
charged, massive, energetic particles are produced in the
p-''B reaction suggests that the fusion yield could ef-
fectively be enhanced by the elastic scattering of fuel ions
to energies corresponding to the highest values of ¢ .. This
particularly applies to protons because of their higher
charge-to-mass ratio compared with ''B ions. While
thermalising, some of the protons in these showers can
undergo fusion, eventually setting a chain reaction up. At
high matter density, moreover, «’s tend to lose energy
mostly to plasma ions rather than to electrons. This
happens when the electrons’ Fermi velocity (or their
thermal velocity) becomes comparable to the a-particle
velocity, while the ion thermal velocity remains sub-
stantially lower [15-17].

The suprathermal fusion chain in an infinite, homoge-
neous H-"'B plasma can be effectively parameterised in
terms of two multiplication (or reproduction) factors. An
a-particle emitted at a certain energy E, , in a primary fusion
event is characterised by the multiplication factor k, (E, ),
i.e., the average number of secondary a-particles generated
via suprathermal processes during the slowing down of the
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primary particle. Likewise, the multiplication factor can be
expressed in terms of fusion events. Then, one defines k_, as
the average number of secondary fusion events per primary
event. k., can be estimated through the integration of k,
over the a-emission spectrum, ¢ (E,,) [5]:

koo = J ka(Ea,O)gD(Ea,O)dEa,()’ (5)

where _[ ¢(E,)dE,, = 1. Strictly speaking, the concept of
kg, is well grounded as long as the emitted a-particles have a
comparable slowing-down time, and this quantity is in turn
comparable to the (average) period between two consecutive
generations of fusion events, 7,. It is not difficult, then, to
calculate the cumulative number of fusion events per unit
volume at the time t, ns(t), in regime of multiplication,
upon the thermonuclear specific rate R. Depending on the
value of k,,, one can distinguish three cases for the time
evolution of n; (hence, of the energy yield):

(1) ko, < 1=n; increases linearly with time, asymptot-
ically to Rt/ (1 - ky,), for t > 75

(2) ko, = 1=n, increases quadratically with time; in
detail, n; (t) = R(t + t2/2‘rg); and

(3) ko, > 1=n diverges exponentially, with the growth
rate Ink,/7,.

It goes without saying that the capability to achieve a
chain reaction with multiplicity k, higher of or comparable
to 1 would play a significant—if not indispensable—role in
the possible exploitation of H-''B fuel as an energy source.

The question is also how and how much a weak mul-
tiplication regime, namely when k. <1 (and especially
ks, < 1), can enhance the pure thermonuclear burn. Using
the full expression of n (), it is easy to calculate the ratio I of
the suprathermal-to-thermonuclear energy yield in the
confinement time 7, [5]; indeed, the total energy per unit
volume is n;(7.)Q, the energy stemming from the sole
thermonuclear burn is just RQ7,, and the suprathermal yield
is given by the difference between the first two. I is shown in
Figure (4) as a function of k., for several orders of mag-
nitude of the parameter 7./7,, where 7, = 7, is assumed and
7, is the thermalisation time of the « particle at its most
probable emission energy. Note that in typical ICF condi-
tions, the quantity 7./7, can reach the order of 10°. One can
distinguish the following noticeable limits for I. For
1./7,> 1 and k, < 1, I scales as k.. On the contrary, when
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k., approaches 1, I tends to (1/2)t./7,, which opens the
possibility of very large increments in the energy output
(consequently, high fusion gains). This means that k., does
not have to be necessarily larger than 1 to have a sizeable
enhancement of the fusion yield.

The earliest studies were not encouraging, however. In
the early 70s, Weaver et al. [18] estimated the increase in the
H-''B reaction rate due to nonthermal effects to vary be-
tween 5% and 15% in the density range of 10'°-10°®cm™
and in the temperature range of 150-350 keV. Subsequent
calculations by Moreau [9, 19] returned multiplication
factors of the order of 1072 in a plasma with
100<T, <300 keV, cold ions, and Coulomb logarithm
In A = 5. In both cases, however, important details have not
been given; moreover, only the Coulomb interaction has
been taken into account in the a-ion scattering in the case of
Moreau, or poorly known nuclear data have been used for
this purpose in the case of Weaver et al.

The recent study of Putvinski et al. [20] has substantially
confirmed the findings of Weaver et al. [18]. The H-''B
reactivity has been calculated using a proton spectrum,
which included kinetic effects at high energy: besides
a-scattering, cooling on colder electrons (T, <T;) and de-
pletion of the spectrum tail by the fusion burn. The proton
spectrum was self-consistently calculated by solving the
steady-state Fokker-Planck equation upon a simple burn
model.  For  reference  parameters T, =300keV,
T, = 150keV, ng/n, = 0.15, and E,, , = 4 MeV, the resulting
reactivity showed a 10% increase compared with its purely
Maxwellian form. Note that this treatment is formally in-
dependent of absolute densities as long as a fixed value is
used for In A (details are not given, however). Also in this
case, the nuclear interaction does not appear to have been
taken into account in the a-ion scattering.

Recently, a supposed experimental manifestation of the
suprathermal chain reaction has been the subject of some
controversies [21-26], which have finally been resolved in

favour of the impossibility to induce this effect in plasma
conditions such as those achievable at the Prague Asterix
Laser System (PALS), Czech Republic [27, 28]. A later study
[5] has confirmed that in high-density, nondegenerate H-''B
plasma, k, turns out to be of the order of 10~ at most. The
domain investigated is given by 10*<n,<10%®cm3,
T; = 1keV, max(T;, 5E;(n,)] <T,<100keV, where E is
the Fermi energy; Eg[keV]=3.65x10"'® (n,[cm~3])*>.
This represents a low-T; regime, where the thermonuclear
burn is very modest and is just used to seed the chain reaction;
the hope was that the suprathermal chain could drive the
plasma burn towards ignition, by increasing T; quickly.

If T; is sufficiently low, one can assume that, at least for the
first few generations, the suprathermal showers elicited by the
o particles do not interact with each other and do not sig-
nificantly = affect the background (thermal) Max-
well-Boltzmann distribution of plasma ions. In a scenario of
this kind, each primary a-particle or fusion event can be
treated independently through a simplified model compared
with more sophisticated kinetic-theory approaches, which are
indispensable at high reaction rates; see, e.g., refs. [29-31] for
the case of DT fusion, and [20] for H-''B fusion. The sim-
plified approach of ref. [5], in particular, assesses whether the
medium is multiplicative or not. Without entering details, the
contribution to k, of suprathermal H and ''B ions (k4 and
k,p> respectively) is calculated separately, i.e.:

koc(Erx,O) = kap(Eoc,O) + kaB(Ea,O)' (6)

Denoting by j the generic ion species and by E, its
energy just after the scattering by an « particle, k,; is related
to the scattered ion spectrum, dN;/dE;,, and the fusion
probability of j, P;, by the relation:

dka' dN .
dEj,]O (EJXO; E%O) = 3PJ’(EJE0) dE_j,]o (Ej,OE Ea,o)- (7)

The spectrum dN/dE;, in turn depends on the a-ion
differential scattering cross section, g,;, and the a-particle
stopping power, dE,/dx, according to the relation:

dN

(g . E For £ g, ) %Ee _ldE
dEj,O( 0 “’0)_nj,[<3/2)Ti a“j( @ j’O) dx «
(8)

P; depends on 0 and the stopping power of j, dE;/dx, in a
similar fashion:

Py)(Epro) = s () J

Ep o

dE !
af(ECM)< dic(B)> dE, (5 (9)

0

From ref. [5], there are several points to remark and
discuss. First of all, the contribution of suprathermal ''B ions
to k, and k, is of the order of 1% only. Nevertheless, the
effect of the nuclear interaction in the a-''B scattering
should be counterchecked, in the light of the elastic cross
section measurements at E, < 5MeV performed by Spraker
etal. [32]. Inref. [5], 0,5 is calculated as the Rutherford cross
section only.

In the case of the scattered proton, the complete elastic
cross section, accounting also for the nuclear interaction,
must definitely be used in calculations. In Figure 5(a), k,, is
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plotted as a function of E_ for different values of T, and
n, = 10 cm™. As a term of comparison, a curve based only
on the Rutherford a-p scattering cross section, oy, is shown
for T,=50keV. One can appreciate that for the most
probable a-emission energy, 4 MeV, k,,, is more than twice
that found for a pure Coulomb scattering. At E,, =10 MeV,
the difference reaches a factor of 8.

A parametric analysis shows that k,, increases with both
T, and n,, though it is much more sensitive to T,. From
Figure 5(b), one notes that k,, drops quickly below
E, (=2 MeV, while above 4 MeV, the shape of the curves is
approximately linear in the semilog plot, meaning an ex-
ponential increase with E,, (up to at least 10 MeV). Even at
the highest values of #, and T, considered (10**cm™ and
100 keV, respectively), k,,, (hence, k) remains significantly
lower than 1; for instance, k,, = 0.2 for E,, = 10 MeV, and
ko, = 0.01 over the actual fusion spectrum. A fit of k,,-vs-
E, curves with an exponential function returns a common
growth rate such that k,, increases by a factor of about 2.5
each time E,,, increases by 2MeV. Atn, = 10® cm™? and T,
=100keV, one extrapolates k,, = 1 for E,, = 13.6 MeV.

This means that if we could boost the energy of o’s—let
us say—above 10 MeV, we could substantially increase the
multiplication factor. How might this be achieved? In
principle, two ways can be identified at present. One way is
to use high-energy protons to trigger the fusion reaction,
which can be referred to as a kinematic boost; a particles with
energies up to 20 MeV have recently been generated by
Bonvalet et al. [33] in a laser-driven pitcher-catcher ex-
periment. Another way is to accelerate the fusion-born o’s;
for instance, in the same laser-induced electric field which
accelerates the protons in direct-target-irradiation experi-
ments. Evidence of this effect has recently been reported by
Giuffrida et al. [34]. With either of these means, it is not

obvious, however, how E, , could be kept so high for more
than one generation. In the case of laser acceleration of the «
particles, it is neither obvious how this effect, observed under
irradiation of planar solid targets, could be reproduced on
actual ICF targets.

It is also worth mentioning that the concept of a possible
H-''B fusion reactor has been proposed (but in a low-density
plasma, in this case) [35,36], which is based on «’s accel-
eration by the application of an external electric field to
counterbalance the stopping power and induce an avalanche
of reactions.

To summarise, values of k., very close to 1 are needed in
an ICF scheme to enhance the suprathermal-to-thermo-
nuclear energy yield by factors of up to 10°. Early com-
putations by Weaver et al. [18] estimated the increase in the
H-''B reaction rate due to suprathermal effects to vary only
between 5% and 15% in the density range of 10'°~10*° cm ™
(n, = n;) and temperature range of 150-350keV (T, = T}).
Subsequent calculations [9, 19] returned multiplication
factors of the order of 1072 in a plasma with
100<T,<300keV, T; =0, and In A =5. Recently, Put-
vinski et al. [20] have substantially confirmed the findings
of Weaver et al., whereas in the high-density, low-T; do-
main 10*<n,<10% cm™, T,<100keV, and T; ~ 1keV
(non-degenerate plasma), it has been found k., ~ 1072 at
most [5]. This latest work has also shown that particularly
for the a-p scattering, the complete elastic cross section,
which includes the nuclear interaction, is needed in cal-
culations. Furthermore, k, has been found to increase
exponentially with the a-particle energy, at least in the
range of 4-10 MeV, with a growth rate that is independent
of n,. This exponential growth could in principle be
exploited in cases where the energy of the fusion-born «’s is
boosted, e.g., kinematically [33] or electrodynamically [34].
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Finally, no experimental evidence of suprathermal multi-
plication has been achieved so far.

2.3. Energy Multiplication Factor in a Beam-Driven Fusion
Scheme. Fast ignition may provide an option to ignite non-
DT fuels inasmuch as it significantly relaxes implosion
symmetry requirements (compared with central hot-spot
ignition) and allows for nonspherical target configurations
or fuel seeding [37]. Among the concepts for fast ignition, it
has been proposed to use intense laser-accelerated proton
beams [38]. In this approach, the energy deposited in the
precompressed fuel by a proton beam generated outside the
target bootstraps the fusion flame. Ideally, between 5 and
10% of the laser pulse energy is converted into kinetic energy
of the beam as the result of the interaction of the pulse with a
thin foil.

Here, we wish to emphasise that proton beam fast ig-
nition is a particularly advantageous option for the case of
H-"'B fuel. Indeed, while the protons transfer their energy to
the plasma, additional heating is provided by in-flight fusion
reactions. This is an exclusive effect of H-"'B fuel as it cannot
obviously occur for other proposed fusion fuels under
proton irradiation. On the quantitative ground, it is useful to
make recourse to the so-called energy multiplication factor, a
fundamental quantity in beam fusion. It is defined as the
ratio of the fusion energy produced via in-flight reactions to
the overall beam energy, i.e.:

F = M’ (10)
E,

where F is the energy multiplication factor, E, is the initial

proton energy, Q is the fusion Q-value, and P, is given by

Equation (9) as long as it is sufficiently lower than 1.

Denoting by E, the beam energy, the overall energy de-

posited in the fuel, E;, is then:

E; = (1+F)E,. (11)

An estimate of F is important to set the value of E, to be
achieved in the laser acceleration of the protons.

A calculation of F vs E,, for beam-driven H-''B fusion has
been carried out by Moreau [9]. This author considered
protons injected into a ''B plasma with warm electrons and
cold ions. The results are shown in Figure 6 for several values
of T,. In all cases, there is a maximum at E; around 1 MeV; at
high values of T',, other two maxima appear just below 3 MeV
and between 4 and 5 MeV, respectively. It is hard, however, to
achieve a multiplication factor better than 30%. Anyway,
Moreau’s calculation should be redone with a more accurate
fusion cross section (which was barely known at that time)
and stopping power model (Sivukhin’s model [39] was used).

Note that for a Maxwellian plasma, F is formally in-
dependent of density when the value of InA is kept fixed.
This comes from an implicit cancellation of the density in the
product between n1 and (dE,/dx)”" in Equation (9), with a
residual density dependence holding through the expression
of InA in dE o/ dx [5]. This residual dependence is very weak,
however. It is also worth noticing that in a fully degenerate
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FIGURE 6: Energy multiplication factor vs proton injection energy
for various electron temperatures. Protons are injected into a ''B
plasma with cold ions and warm electrons. The results are inde-
pendent of plasma density when the value of InA is fixed.
Reproduced from Moreau [9] with the permission of the publisher.
© IAEA 1977.

plasma, the electronic component of dE,/dx would become
independent of n, and proportional to the proton velocity,
under certain conditions. (In general, the stopping power of
an ion in a fully degenerate plasma scales roughly linearly
with n,. However, when the velocity of the ion is much
smaller than the Fermi velocity and the parameter
ro = (me*/h?) (3/4nne)1/3—where m is the electron mass—is
much smaller than 1, the stopping power becomes inde-
pendent of n, and proportional to the ion velocity. The
condition r, < 1 holds for n, > 10**cm™3) [17, 40, 41]. As
long as the ion-ion component of dE,/dx can be neglected,
P, would then become truly proportional to n. This effect
could boost P, towards 1 even at low (possibly sub-MeV)
values of E,, given the linear velocity dependence of the
electronic stopping power. As a consequence, F could rise up
significantly, well above unity.

Another aspect to emphasise is that the energy multi-
plication factor can be further increased if suprathermal
chain reaction effects take place. It is easy to show that in this
case, E; is augmented by a term S;FE, compared with
Equation (11), where the factor S; depends on the number of
generations, /, and is essentially a partial summation of the
geometric series with common ratio k,, according to the
relation:

I 1- kl+1
Sl(koo)+ 1= ;k;o :ﬁ.

[e¢]

(12)

Explicitly,



Ed = (1 +F+SIF)Eb, (13)

where the energy multiplication factor can be redefined as
follows:

Fy ,2(1+8§))F. (14)

supr=

Note that S; converges to k./ (1 — k) when k., <1and!
is sufficiently large, while S, — I when k., — 1. Now, if
one was capable to keep the chain going for just two gen-
erations with k., sufficiently close to 1, assuming F=0.3,
Equation (13) would return E,; = 2E,, which is quite a
significant amplification. It is particularly relevant to this
case what has been mentioned in the previous section,
namely, that k_, could be made close to 1 by exploiting the
kinematic boost of the proton beam.

3. Conclusions

Recent laser-based experiments [27, 28, 34, 42, 43], basic
ICF physics considerations, and current advances in laser
technology suggest that a possible scheme to burn H-''B
fuel is based on laser-driven proton fast ignition. By itself,
this scheme will likely not be enough to achieve high
gains. We are confident, however, that it can be com-
plemented by suprathermal effects and strategies for the
containment of bremsstrahlung losses in order to in-
crease the fusion yield and relax ignition and burn re-
quirements. In this article, we have reviewed and
discussed nonthermal processes of interest, such as the
progression of fusion chains via intermediate nuclear
reactions, suprathermal multiplication, and beam energy
amplification in proton fast ignition.

Fusion chain processes based on intermediate nuclear
reactions do not show the potential to make a substantial
contribution to ignition and burn of H-''B fuel. Increasing
suprathermal fusion’s k., above the order of 1072 also ap-
pears problematic in present-day laser-driven plasma con-
ditions; nevertheless, promising directions for further
investigation can be drawn. In particular, the work of Belloni
[5] should be extended to calculate suprathermal effects.

(i) at higher T;, by adopting more refined kinetic ap-
proaches to the problem (e.g., steady-state spectral
conditions, via the so-called Boltz-
mann-Fokker-Planck equation [44]);

(ii) in (partially) degenerate plasmas, a regime that is also
of interest for bremsstrahlung reduction [17, 45].

After Moreau [9], the energy multiplication factor for a
proton ignitor should be reassessed against the latest mea-
surements of the fusion cross section [6]. The energy mul-
tiplication factor should account not only for the in-flight
fusion reactions but also for possible suprathermal multi-
plication of the fusion products. Calculations should include
realistic fuel compositions and degenerate plasma regimes.

Finally, on the experimental side, it is to remark that
accurate calculations of nonthermal effects, including beam
fusion, need reliable fusion cross section measurements well
beyond 3 MeV.
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