
Bayesian optimization of proton
generation in terawatt laser–CH2

cluster interactions within a
plasma channel

Artem Kim*, Mordechai Botton and Arie Zigler

High Intensity Laser Lab, Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem, Israel

Improving the energy efficiency in generating high-energy proton or boron ions
is crucial for advancing the feasibility of neutronless laser-based proton–boron
(p-B11) fusion reactions. The primary objective of this work is to optimize the
fusion energy efficiency of a proposed advanced p-B11 fusion scheme. In the
proposed scheme, an ultrashort laser pulse is guided by a plasma channel filled
with carbon–hydrogen (CH2) clusters. The MeV protons are generated by the
Coulomb explosion (CE) of the cluster, which, therefore, interact with
surrounding boron to produce alpha particles. To evaluate the fusion energy
efficiency under various conditions, 2D particle-in-cell (PIC) simulations are used,
supplemented with analytical calculations and estimations. The Bayesian
optimization (BO) algorithm is utilized to optimize the key interaction
parameters. The BO approach allows us to identify optimal cluster and laser
parameters that would have higher fusion energy efficiency.
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1 Introduction

The proton–boron (p-B11) fusion reaction is highly desired due to its aneutronic nature,
which results in a cleaner energy output than that in D-T fusion. One of the promising
directions of the research in this field is the possibility of initiating p-B11 fusion reactions
with laser-driven accelerated ions around the cross-section peak with the center of mass
energy of ions at approximately 650 keV [1, 2]. The development of ultrafast laser
technologies has shown that it is possible to efficiently accelerate ions in plasma to
MeV energies [3], paving the way for applications in p-B11 fusion.

As a result, there has been a growing interest in laser-based p-B11 fusion in recent years
[4–19]. Two mainstream proton–boron fusion schemes that recently demonstrated high
alpha-particle yields are pitcher–catcher and in-target configurations. For example,
Guiffrida et al. utilized in-target configuration [20] and demonstrated ~3•1010/sr α-
particles with a 0.6 kJ, 0.3 ns laser pulse. The pitcher–catcher configurations [5, 21]
have also shown a high yield ~109/sr with a laser energy of 1.4 kJ. In these experiments, the
main target did not utilize the energy efficiency enhancement that has been shown in laser-
driven ion-acceleration experiments with various advanced target designs [22–24].
However, several recent works addressed this problem and proposed advanced fusion
schemes and advanced target designs for higher energy efficiency. For example, H. Ruhl and
G. Korn numerically investigated boron nanorod (BN) interactions with ultra-intense laser
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pulses [25]. [4] used a 600 nm hydrocarbon plasma polymer film on
top of the BN target in order to increase the proton concentration.
Several advanced schemes that utilize a strong magnetic field or
hybrid fusion scheme with ps and ns lasers have been proposed to
increase energy efficiency [10, 26]. V. Krainov proposed a theory of
fusion in BH microdroplets [27]. However, compared to the field of
laser-driven proton acceleration, advancements in target
nanoengineering are still emerging. Improved control over target
design, including both shape optimization and the ion composition
control on μm and nm scales, has led to increased ion flux, higher
ion energies, and better control over the ion energy spectrum [22,
23]. These developments are pivotal for improving the fusion energy
efficiency of the p-B11 reaction and can be adapted to the actively
developing laser-driven p-B11 fusion.

In the current paper, we propose and analyze the fusion energy
efficiency during the interaction of high-intensity laser with
nanocluster suspensions in a long plasma channel. The proposed
scheme features a high-intensity short-pulse laser propagating in a
relatively low-density plasma channel generated by capillary
discharge [28, 29]. Structured CH2 targets (clusters) concurrently
flow in the plasma channel produced in a BN capillary. The laser can
interact with the targets to produce the accelerated protons. When
the energy of the accelerated protons is high enough (of the order of
1 MeV), they, in turn, can collide with background low-density
boron ions or solid boron walls of the capillary and interact to
produce the alpha particles. As the process of laser interaction is
carried out in a plasma channel, the laser pulse is confined, and the
interaction can be extended to a significant length (defined by laser
depletion), which, in turn, increases the process efficiency.

The described scheme will depend on various parameters, such as
the laser intensity, cluster radius and density, and pulse duration. The
parameter space of the proposed scheme is wide; hence, a thorough
theoretical search is required in order to find the optimal conditions for
the proposed fusion scheme. Improvements in the computing hardware
allow us to collect data for many possible configurations in
computationally intense particle-in-cell (PIC) simulations within a
reasonable amount of time. At such rates, the amounts of data that
can be extracted are sufficient to apply advanced numerical techniques
such as optimization algorithms and machine learning methods to deal
more efficiently withmultidimensional problems. Recent works applied
Bayesian optimization to both PIC simulations to find the optimal
simulation parameters and experiments for the real-time optimization
of the experiment setup [30–32]. The ability of a deep neural network to
model complex physical phenomena in laser–plasma physics was also
assessed for the typical laser-driven ion acceleration scheme [33]. The
comprehensive overview of the data-driven techniques applied to
laser–plasma physics by [34] emphasizes the huge potential of
advanced numerical techniques in the enhancement of experimental
and simulation approaches. Thus, to optimize the fusion energy
efficiency for the proposed scheme, we use the Bayesian
optimization (BO) method due to the computationally intense
nature of PIC simulations.

In this paper, we describe a method that uses Gaussian process
regression [35] within BO to examine the variables involved in the
laser-driven Coulomb explosion (CE) of CH2 clusters inside the
plasma channel. We aim to improve the laser ion conversion
efficiency, which will result in better fusion energy efficiency by
adjusting various influencing parameters. By applying Bayesian

optimization, we seek to better understand and adjust the
relationships between these parameters, thereby enhancing the
output of fusion energy in our proposed model.

2 Materials and methods

2.1 Proton–boron fusion concept

The proposed fusion scheme that has been investigated is shown in
Figure 1. In the initial stage, the boron-containing gas ismixedwith sub-
micronCH2 clusters as they are injected into the boron-coated capillary.
Shortly after the injection, an electrical discharge is used to ionize the
gas. The hydrodynamic expansion and cooling of the plasma form a
plasma channel that will guide the laser [29, 36]. As the high-intensity
pulse propagates through the capillary with the formed channel, it
interacts with the clusters, expelling electrons and causing the remaining
positively charged cores to undergo a Coulomb explosion. The protons
resulting from this explosion are accelerated, and as they propagate,
they can interact with the low-density boron plasma and the boron
capillary walls. This laser–cluster interaction is crucial for the fusion
process as it leads to the production of high-energy protons necessary
for p-B11 reactions.

According to the proposed fusion scheme, we can calculate the
energy of the laser EL according to Equation 1, which depends on the
area of the beamAbeam, laser intensity I0, and full pulse width at half-
maximum τFWHM. We assumed that the laser has a flat-top spatial
profile with constant intensity I0 for the entire area of the plasma
channel Achannel=Abeam and a Gaussian temporal profile. The flat-
top profile is required to prevent spatial intensity variation, thus
eliminating spatial CE energy dependency for various clusters.

EL I0, τFWHM( ) � ∫∞

−∞
I0 exp −4 ln 2 t2

τ2FWHM

( )dt∝ I0AbeamτFWHM.

(1)
The total energy released by the fusion reactions Etot from the

single-cluster CE is given by Equation 2. It is proportional to the
reactivity 〈σv〉, the energy released in a single fusion reaction Efus,
and the number densities of boron nB and protons nH and assumes
that all reactions occur at a constant rate over time t. The reaction
time t, the number density of the solid boron capillary walls nB, and
plasma channel volume Vch are fixed, and the fusion energy released
from a single reaction is defined by the reactants.

Etot � Efus〈σv〉nHnBVcht � Etot I0, τ, n0, r( ). (2)

FIGURE 1
Schematic drawing of the p-B11 fusion concept (objects not
to scale).
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Thus, the fusion energy efficiency G is proportional to the
number of protons NH multiplied by the reactivity 〈σv〉 and
inversely proportional to the laser energy, as shown in Equation
3, and all other values are constant.

G � Etot

EL
∝

NH〈σv〉
EL I0, τ( ). (3)

Expanding the reactivity term in (3), we can introduce the
single-cluster fusion parameter η0 Equation 4 that will depend on
the ion energy spectrum f(E), the cross-section of the reaction σ(E),
and the velocity of an ion with energy E v. Unlike the dimensionless
fusion energy efficiency G, the single-cluster fusion parameter η0
does not depend on the boron density and reaction time. This allows
us to isolate the laser and cluster parameters for the energy-efficient
conversion of the laser into protons, prioritizing energies that match
the peaks in the p-B11 cross section.

η0 n0, r, I0, τ( ) � NH〈σv〉
EL I0, τ( )

� NH r, n0( )∫
Emax

0
f E( )σ E( )vdE
EL I0, τ( ) cm3s−1J−1[ ]. (4)

The goal of the optimization is to evaluate theoretically and through
numerical simulations various cluster densities n0, cluster radius r, pulse
intensity I0, and pulse duration τ to determine the parameters that will
correspond to the higher fusion energy efficiency. The laser propagating
through the plasma channel will interact with many clusters, of which
many are located in the shadow of other clusters (e.g., cluster 2 is located
in the shadow of cluster 1, as shown in Figure 1). Their position along
the laser propagation direction is different (z-axis), while their position
in the x–y plane is the same, and we have to extend the single-cluster
fusion parameter η0 from Equation 4 to account for all the clusters that
would interact with the laser.

In the subsequent paragraph, we analyze the methods used to scale
up the calculations of the single-cluster fusion parameter η0 to
encompass the entire volume of the plasma channel with many CH2

clusters. To analyze the interaction of a laser with a single CH2 cluster,
PIC simulations are employed utilizing numerical code Epoch [37]. The
single pre-ionized cluster is positioned in the center of the square 24 μm
simulation box with open boundary conditions. The peak of the laser
pulse enters the simulation box 50 fs after the start of the simulation.
The laser has a Gaussian temporal profile, and the laser waist is much
larger than the cluster radius, with a super-Gaussian spatial profile. The
grid resolution in the simulation has been adaptively selected based on
the radius of the clusters to properly resolve both the cluster and the
incident laser wavelength. The carbon ions are assumed to be pre-
ionized to C2+ and hydrogen to H+. The plasma is collisionless since
even for the lowest electron density that was considered in simulations,
the plasma parameter Λ≫ 1. The Epoch ionization module was not
considered to reduce the simulation time.

2.2 Extending the single-cluster fusion
parameter η0 to the plasma channel
volume ηnet

Assuming that the low-density plasma channel does not have
a significant effect on the single-cluster interaction, we will not

explicitly model the plasma channel in PIC simulations and
assume ideal guiding, which is validated by comparative PIC
simulations with and without a low-density background plasma
channel. To extend the single-cluster results to the volume of the
plasma channel, we evaluate the total number of clusters in the
cross-section of the plasma channel Ncross, as well as ηi,– which is
the single-cluster fusion parameters for clusters that face laser
intensity Ii affected by the interaction with i−1 clusters. Thus, the
net fusion parameter ηnet that considers all clusters in the volume
of the plasma channel can be calculated using Ncross and ηi
as follows:

ηnet � Ncross η0 I0, r, n0, τ( ) + η1 I1, r, n0, τ( ) + η2 I2, r, n0, τ( ) + . . .(
+ηN IN, r, n0, τ( )). (5)

To extend the single-cluster PIC simulation results to the entire
area of the plasma channel, we must calculate the number of clusters
in the plasma channel that will interact with the unperturbed
intensity. Each cluster, which is characterized by its radius r and
density n0, can be represented by the effective area, which, in turn, is
the area of the laser field that was affected by the interaction with the
cluster. This effect is shown in Figures 2A, B, which show slices of
the 2D intensity profile on a log scale from PIC simulations before
and after interaction with rclst � 50 nm and rclst � 800 nm that are
located in the center of the simulation box. The horizontal dashed
lines illustrate the physical radius of the cluster in each case. Two
main effects are discerned. One is intensity reduction, and the other
is dispersion of the laser front by the cluster. The 2D intensity maps
show that larger radii degrade the laser pulse more significantly, thus
restricting the number of successive clusters that can efficiently
interact with the same laser pulse.

To avoid extensive PIC simulations, it is necessary to find a
suitable model that will describe the area of the laser beam that will
be affected by the cluster depending on its size. In this
work, the cluster radii are assumed to be in the range
r ∈ [0.0625, 1]·λL(here, λL � 800 nm is the laser wavelength ).
Accordingly, the Mie solution [38] provides a basic approximation
for the effective area Seff. As the PIC simulations in Figure 2 show,
for the small cluster, the effective radius is almost the same as the
actual cluster radius, while for the larger clusters, the effective radius
is significantly larger than the actual radius of the cluster, which
aligns with the Mie theory. In Equation 6, the extinction coefficient
Qext is calculated based on the Mie theory and quantifies the total
effect of scattering and absorption of light by a spherical particle
with radius r relative to its area. The extinction coefficient Qext was
calculated numerically using the miepython package.

Seff � Qextπr2;Ncross � Abeam

Seff
. (6)

The number of clusters Ncross that will interact with
unattenuated intensity I0 can be calculated by dividing the
plasma channel area Abeam by the effective area of a single cluster Seff.

Next, we need to calculate the effect of ηi from Equation 5 for
i> 0 from clusters, which are located in the shadows of other clusters
inside the plasma channel. We approximated that the laser pulse
only loses intensity after interacting with a cluster. The changes in
the wavefront, effects of the scattered and reflected light on other
clusters, are encompassed by a single intensity reduction parameter.
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Under such assumptions, the interaction of a laser pulse with a
cluster leads to intensity attenuation due to the absorption and
scattering of radiation. A fraction of the laser intensity I1 �
αI0,where α(r, n0) is the attenuation coefficient, will be
transmitted downstream the channel. This attenuation has
significant implications for the subsequent clusters. As the laser
intensity decreases, the expelled electron charge from each cluster is
reduced, reducing the cutoff energy of the accelerated protons.
Consequently, this reduction in cutoff energy decreases the
number of protons with energies within our region of interest,
directly impacting the net fusion parameter ηnet. We considered
various cluster densities and radii, as shown in Table 1. In all cases,
the intensity attenuation resulting from the interaction with clusters
of various radii can be well approximated by the Beer–Lambert law
with a coefficient defined by the PIC simulation results, as shown in
Figure 3 for various cluster radii, while density variation had a minor
effect on the intensity attenuation coefficient α. The decay coefficient
is α(r) � Ae−μrλ , A � 0.989 ± 0.021, and μ � 0.988 ± 0.075. For each

radius pair, PIC simulations with and without a cluster using various
laser intensities [1018, 5•1018, and 1019] W/cm2 and cluster densities
[10, 40, 70, and 100]ncrit were performed. The intensity profile that
interacted with the cluster was compared to the intensity profile that
propagated through the vacuum. The attenuation coefficient was
calculated by comparing the longitudinal intensity profile after the
interaction with and without a cluster.

The PIC simulations with a fixed target (r=50 nm and
n0=100•ncrit) and various intensities showed that proton energy
cutoff Emax follows the power law scaling as a function of intensity,
as shown in Figure 4A. The power law coefficient β is calculated
from the 2D Epoch simulations for a given laser intensity I0 and was
used to predict the cutoff proton energy for other intensity values
β(r, n0, I0τ) � Ecutoff(r,n0 ,I0 ,τ)

Iγ0
, where γ was calculated from

simulations with a fixed target and various intensities γ ≈ 0.585.
The Epoch proton energy spectrum shows a complex structure with
multiple components. In the low-energy region, the behavior of the
distribution function is caused by the slowly expanding core of the
cluster, which translates into the CE-accelerated energetic protons
that reach a peak and then decay toward the cutoff. The deviation
from the ideal square root of energy scaling is caused by the partial
removal of electrons from the cluster within our intensity range,
which results in a remaining quasi-neutral, slowly exploding core of
the cluster, while only the outer layers of the cluster are accelerated
to high energies through CE and overestimation of the proton
energy cutoff in 2D PIC simulations, compared to the 3D PIC
simulations. The normalized proton energy spectrum can be
reconstructed using the theoretical model developed by [39]

FIGURE 2
Intensity map from 2D PIC simulation before (left) and after (right) the interaction with the clusters with r = 50 nm (top) and r = 800 nm (bottom). The
black circles illustrate the position of the cluster. Horizontal dashed lines indicate the radius of the cluster.

TABLE 1 Parameter space used in BO.

Parameter Value range Units

Cluster radius, r [50, 1,000] nm

Cluster density, n0 ncrit=1.74·1021 cm−3 [10, 100]·ncrit cm−3

Laser intensity, I0 [5, 500]·1017 W/cm2

Pulse duration, τ [30, 90] fs
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multiplied by ξ ≈ 3, which results in a better fit for the high-energy
tail of the spectrum, which is our region of interest. An analytical
spectrum allows us to extend the single PIC simulation result to
interactions with multiple clusters. The subsequent clusters located
downward the channel will have a lower cutoff energy due to the
intensity attenuation. The cutoff energy of those clusters can be
calculated according to the power law scaling of proton cutoff
energy. The reconstructed normalized proton energy spectra are
shown in Figure 4B, along with the energy spectra obtained from the
PIC simulations at times corresponding to the highest proton energy
cutoff in the simulation box (typically, at t=710 fs, while t=0 fs
corresponds to the interaction of the peak of the pulse with
the cluster).

Reconstructed energy spectrums f(E), in turn, are used to
calculate the single-cluster fusion parameter η0 introduced in
Equation 4 with the cross-section data for protons with energies
in a broad range E ∈ [0.05, 9.76] MeV based on the analytical
approximation presented by [40]. Thus, we can calculate the
contribution for each “row” of clusters from layers 1 to N inside
the plasma channel, eventually calculating the net fusion
parameter ηnet (7). Clusters in the ith “row” are concealed by
the i−1 clusters located closer to the laser pulse in the
plasma channel.

ηnet � ∑N
i�1
ηiNcross � ∑N

i�1
Ncross ·

∫Emax i( )
0

f i E( )σ E( )v E( )dE
EL I0, τ( ) . (7)

Here, ηi is the fusion parameter of a single cluster interacting
with intensity Ii, and Ncross is the number of clusters in the cross-
section of the plasma channel. The final row N can be evaluated by
the attenuated intensity In, which becomes too low to produce
protons with sufficient energy for fusion reactions.

2.3 Bayesian optimization

Bayesian optimization is a method well suited for optimization
problems that are characterized by computationally intensive
calculations, such as PIC simulations [41]. It is used to optimize
the black-box objective function, such as the net fusion parameter
ηnet described in Equation 7. Thus, ηnet was chosen as the objective
function (a function that is minimized in the optimization process).
The BO method uses a surrogate model to estimate the objective
function. This model plays a dual role: it attempts to predict the
objective function’s output and quantifies the uncertainty associated
with those predictions, thus allowing us to assess the parameter
space and sample the next points from it. For the given parameter

FIGURE 3
Intensity attenuation coefficient α as a function of the cluster radius.

FIGURE 4
(A) PIC cutoff energies and power law fit for a cluster with r = 50 nm and n0 = 100 ncrit. (B)Normalized PIC proton energy spectrum for various laser
intensities I and analytical probability density function (PDF) based on equations derived by [39].
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space, a Gaussian process regression model is used as a standard
surrogate model best suited for low-dimensional (n=4) optimization
problems [42]. The expected improvement (EI) acquisition function
is chosen due to its good balance between exploration and
exploitation [43], ensuring a systematic optimization approach.

The parameter space that needs to be optimized includes the
cluster radius r, density n0, laser intensity I0, and pulse duration τ
and is shown in Table 1. The laser intensity I0 range was chosen
based on the reasonable range of proton energies that can contribute
to the p-B11 fusion reaction. The cross-section rapidly decreases for
protons with energies above 9 MeV and below 150 keV. The pulse
duration was added to control the total laser energy while keeping
the intensity I0 the same and maintaining the ultrafast character of
the interaction, which has a major impact on the CE process.

The optimization process is orchestrated by a master script, which
serves as the primary controlling entity coordinating the entire
optimization workflow. The master script connects to the high-
performance computing (HPC) cluster and selects initial parameters
for the optimization. It generates the necessary inputfiles and submits the
simulations to the HPC workload manager, monitoring their progress
until completion. Post-processing scripts, initiated by the master script,
process the output data from the PIC simulations. As a result, the net
fusion parameter ηnet is used to update the surrogate model. The EI
acquisition function determines the next point to sample from the search
space. The process iterates, with the updated surrogated model
generating new points to evaluate until convergence criteria are met.

3 Results

The optimization results show that an increase in the single-cluster
number density n0 leads to an enhancement of the net fusion parameter
ηnet. This is clear from Equation 7, where an increase in the cluster
number density will result in an increase in the proton cutoff energy
through enhanced Coulomb explosion and will not affect the laser
energy attenuation. If other parameters are fixed, the cluster with higher
density would produce more energetic protons and, therefore, will have
higher ηnet due to the CE energy spectrum that is proportional to the
square root of energy dN

dE � C1




E

√ ·H(Emax − E) [44, 45]. Therefore, we
analyze the BO results with the highest density from the parameter

space n � 100ncrit. The proton energy as a function of laser energy for
different cluster radii is shown in Figure 5. The analytical
approximation of proton cutoff energy for dense clusters shows a
reasonable fit with the PIC simulation cutoff energies.

Figures 6A, B show the evolution of various net fusion parameters
ηnet and intensity attenuation during propagation inside the plasma
channel under different initial conditions. The x-axis shows a
dimensionless distance into the plasma channel normalized to the
average inter-cluster distance. As we propagate deeper into the plasma
channel, we consider interactions with more clusters, and the net fusion
parameter increases, while the laser energy decreases due to the
interaction with the clusters. The saturation plateau in the fusion
parameter is reached in all cases and indicates that a significant part
of the laser energy has been lost, and the remaining energy is not
sufficient to produce a strong CE of the clusters. In the case of a large
radius, the plateau is reached within few iterations, while a small cluster
requires several tens of iterations depending on the radius until reaching
a plateau. The moderate intensities in the range 5·1017–1018W/cm2 (red
and black lines in Figure 6), regardless of cluster parameters, have higher
ηnet than the high laser intensities (blue and green lines).

This result confirms the existence of optimal energy for a given
radius, where ηnet might be several orders of magnitude larger than in
the high-laser energy case. Therefore, for given cluster parameters, ηnet
is expected to exhibit a maximum at a certain moderate laser energy.
This will be the optimal laser energy for a given cluster.

To verify the existence of an optimum laser energy for a given cluster
and efficiently visualize the 4D parameter space, we consider the laser
energy as a single parameter representing the laser intensity and pulse
duration, while cluster parameters are categorized into four separate
groups depending on the density and radius, as shown in Table 2, which
will allow us to identify the edge points for the cluster parameter space:

Splitting the various cluster parameters into different types will allow
us to visualize the effect of all parameters on the net fusion parameter ηnet,
which is shown in Figure 7. The small and large high-density clusters ηnet
lie well above all other results and show an efficiency peak at a laser
energy close to 2–6 J, while the clusters with low density, regardless of
their radius, typically have the lowest fusion parameter ηnet, as expected
from (7), while most of the cases that fall in between the cluster types
given in Table 2 lie within the dashed lines connecting the highest and
lowest ηnet. Each of the types indicates the existence of a subtle peak
within the laser energy range 2 J< EL < 6 J, which corresponds to laser
intensities 4.2•1017 W/cm2 and 1.3•1018 W/cm2 for τFWHM=60 fs. Since
the proton energy cutoff becomes significantly smaller than the required
center-of-mass energy for a high-fusion cross-section at very low laser
energies EL ≪ 1 J, ηnet should asymptotically approach zero.

Thus, the highest energy efficiency requires a high-density
cluster interacting with moderate laser energies. This provides the
general direction for the parameter space to reach high energy
efficiency. These results were obtained by analyzing all BO
outputs. In addition to that, the BO algorithm identified the
optimal combination of radius and laser energy within the given
parameter space that will lead to the highest energy efficiency.

The following parameters provided the best results: radius r =
50 nm, density n = 100 ncrit cm

-3, I0 = 5 · 1017 W/cm2, and τ=56 fs,
leading to ηnet ≈ 2.0 · 10−3 cm3s−1J−1. For comparison, the average η
in the simulations was 〈ηnet〉 ≈ 3.3 · 10−4 cm3s−1J−1, with σ ≈ 4.8 ·
10−4 resulting in an approximately one order of magnitude increase
in the fusion parameter.

FIGURE 5
Various proton energy cutoffs from PIC simulations and
analytical approximation cutoff energy dependency on the
laser energy.
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The convergence plot that illustrates the average and best ηnet
evolution as a function of BO iteration is shown in Figure 8. Each
Bayesian optimization iteration consists of four independent PIC

simulations with different laser and plasma parameters. The net
fusion parameter ηnet was calculated based on the results of PIC
simulations, and the results were used to update the surrogate

FIGURE 6
(A) Evolution of the net fusion parameter after the interaction with the Nth “row” of clusters according to Equation 5. (B) Decay of laser intensity
attenuated by the interaction with N clusters.

TABLE 2 Four categories for clusters.

Cluster radius (nm) Cluster density (ncrit)

Small high-density clusters r < 200 n0 > 80·ncrit
Large high-density clusters r > 800 n0 > 80·ncrit
Small low-density clusters r < 200 n0 < 20·ncrit
Large low-density clusters r > 800 n0 < 20·ncrit

FIGURE 7
Fusion parameter for four cluster types as a function of laser energy.
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model. The EI acquisition function samples the next four points
from the parameter space to evaluate ηnet, based on accumulated
knowledge. The boundary values for each parameter can vary by few
orders of magnitude. This variability provides a broad operational
range for parameters such as intensity and radius to identify the
optimum. Therefore, even after identifying promising values, the EI
continues to explore untested parameters before returning to the
best conditions that result in a gradual increase in the average ηnet.

The smallest radius from the BO parameter space (Table 1)
r � 50 nm, which provided the highest net fusion parameter, was
limited numerically by the adaptive simulation box size, requiring
high resolution for the cluster while maintaining a relatively large
box size for the analysis of CE. After identifying optimal density n �
100ncrit and energy parameters, we can explore the small radius cases
r< 50 nm, estimating the proton energy cutoffs assuming that all
electrons are expelled using analytical equations from [45] and use
those values to compare the analytical ηnet with the PIC results that
consider that only a fraction of the electrons will be expelled from the
cluster, which is shown in Figure 9. The theoretically calculated ηnet
reaches its peak value at r = 2 nm and corresponding blow-off intensity
2•1016 W/cm2 and decays at higher radiuses due to the rapidly
increasing laser intensity, which is required to obtain a full blow-off
of electrons, as well as higher proton energies that do not correspond to
the peaks in the p-B11 cross-section. High-density clusters interacting
with moderate laser intensities, where only a fraction of electrons has
been expelled, exhibit larger energy efficiency. Among them, the small
clusters, with r = 50 nm, had the highest ηnet. Considering the natural
variation in real cluster sizes, we can conclude that in future experiments
with the proposed fusion scheme, the optimal cluster size should be
smaller, with 2 nm< rbest ≤ 50nm, where a single cluster cannot
significantly deteriorate the laser intensity, as shown in Figure 2,
which greatly extends the interaction length.

4 Discussion

We introduced a method for optimizing p-B11 fusion during the
interaction of high-intensity lasers confined inside the plasma
channel with clusters. The interaction is optimized so that cluster
CE results in a generation of MeV protons and presents several key

advantages. Based on our previous experimental works, which
demonstrated laser guiding through the plasma channel over
long distances, we can effectively increase the interaction length
in the proposed scheme. Other advantages demonstrated in this
paper include the use of a nanocluster CE approach that leads to the
efficient conversion of laser energy to high-energy protons. In
addition to that, the CE-based scheme yields a more favorable
energy spectrum than the conventional thin-foil targets [46].

Through 2D PIC simulations guided by the BO algorithm, we
optimized key interaction parameters such as laser energy and cluster
radius and density. The optimization not only aids in identifying
optimal conditions for high fusion energy efficiency but also allows
us to explore the parameter space and draw conclusions on each of the
parameters that can affect the result. Our findings show that high-
density clusters, given in Table 2, have higher energy efficiency than
low-density clusters due to the increase in the expelled electrons without
adversely affecting the laser energy. The cluster radius has an optimum
value, which lies between r = 2 nm and r = 50 nm. Additionally, for any
given cluster radius and number density within the parameter space,
maintaining a moderate laser intensity I0 ≈ 5 · 1017 W/cm2 is crucial
for achieving the highest energy efficiency.We can compare the laser to
proton energy conversion efficiency in the proposed scheme with other
experimental and theoretical results:

BO is particularly suited for complex, computationally
demanding problems such as laser–plasma PIC simulations. The
probabilistic approach of BO allows it to systematically sample the
parameter space, reducing the risk of becoming trapped in a local
minimum of the black-box function. The method is well adaptable to
unknown, non-linear relationships between input parameters and the
output, which are typical for complex laser–plasma interaction
problems. This adaptability is crucial for accurately identifying the
optimal conditions. The model in BO is continuously updated with
each new data point, refining predictions. This feature is particularly
beneficial for future experiments with the proposed fusion scheme,
where results are received after each laser pulse.

In the future, there will be a need to develop more complex
optimization models to account for realistic experiment factors, such
as the real spatial profile of the beam, finite precision of the focal-spot
position, local density perturbations in the plasma channel, and cluster
size distribution. Another limitation of the 2D PIC simulations is the

FIGURE 8
Fusion parameter ηnet as a function of the BO iteration for all simulations.
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overestimation of the proton energies in cluster Coulomb explosions due
to the logarithmic divergence of the accelerating potential in 2D.
Therefore, it would be beneficial to perform a series of 3D PIC
simulations to obtain a more accurate representation of the energy
spectrum and cutoff energies. Despite that, current results serve as a
solid starting point for future experiments with the proposed scheme.
Additionally, the results presented demonstrate the pivotal role of
advanced computational techniques, such as BO, in investigating and
optimizing the p-B11 fusion energy efficiency. Increasing the fusion
energy gain remains an essential problem for advancing fusion as a
sustainable energy source. Many p-B11 schemes that are currently
investigated can benefit from these numerical optimization methods.
It is well known that such methods tend to excel with large amounts of
data. Thus, it is necessary to develop and integrate such tools into
conventional PIC simulations and experiments. Thiswill help accumulate
data and accelerate research in the field of laser-based p-B11 fusion.
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