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The proton-boron (pB) reaction has attracted extensive interest for confinement fusion since it produces
energetic « particles without neutrons. Based on the pitcher-catcher geometry, a scheme to achieve a
high-yielding pB nuclear reaction is proposed, where a meshed catcher target is used. The hot electrons
generated by the interaction between laser and pitcher target induce a sheath field in the meshes that
accelerates protons in the catcher target to drive a nuclear reaction. Not only is the number of protons
increased because the action area of the sheath field becomes larger, but also the energy of protons is
well controlled to meet the optimal value by adjusting the size of the mesh based on laser intensity. Two-
dimensional particle-in-cell simulations show that our scheme has a 6-times improvement in the yield
of nuclear reaction compared with the traditional solid catcher target. With a further increase of laser
intensity, the gain of nuclear reaction yield also increases. Our approach provides an idea for the research
of laser-driven pB nuclear reaction studies and compact o sources.
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I. INTRODUCTION

Aneutronic fusion avoids a lot of energy loss and radi-
ation hazards caused by neutrons in the process of nuclear
fusion [1,2]. As one of the candidates to realize aneutronic
fusion, the proton-boron (pB) nuclear reaction has attracted
the attention of a large number of researchers in recent
years. The « particles produced by the pB nuclear reaction
have multiple application prospects as secondary sources,
such as in cancer therapy [3,4], material irradiation [5], and
research on inertial confinement fusion [6]. Therefore it is
necessary to achieve a higher yield of the pB nuclear reac-
tion. However, the cross section of this reaction reaches its
peak value of about 1.2 barn when the proton energy is 675
keV [7], meaning that the realization of sufficient pB reac-
tion yield under thermal equilibrium conditions requires
extremely high temperature and density, which is difficult
to achieve under current experimental conditions [8—10].

Thanks to the rapid development of intense lasers [11—
13], a laser-driven pB reaction under nonequilibrium con-
ditions has become one of the most effective means to
study pB reactions nowadays [14-23]. The most com-
mon scheme is the pitcher-catcher geometry [17,18,20],
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in which a high-intensity laser interacts with a pitcher
target to accelerate the protons through the target-normal-
sheath-acceleration (TNSA) mechanism [24—29], and then
the protons encounter secondary boron solid or plasma
(catcher) to induce nuclear reactions. As is well known,
the nuclear reaction yield is proportional to the number of
protons and the cross section, which depends on the energy
of incident protons [7]. Therefore, it is of great importance
to both increase the proton number and control the energy
in a suitable range. With a higher-intensity laser, it is eas-
ier for us to obtain protons with energies of about tens of
MeV through the TNSA mechanism. However, when the
energy of incident protons is greater than about 5 MeV, the
cross section decreases rapidly. Therefore, using the tradi-
tional TNSA mechanism to accelerate proton beams for pB
reaction in the pitcher-catcher scheme is inefficient, espe-
cially for a picosecond (ps) laser with high intensity and
long pulse.

Based on the pitcher-catcher geometry, we propose a
scheme to enhance the pB nuclear reaction where a meshed
catcher target is used. Hot electrons generated by the
interaction between laser and pitcher target spread into
the meshed target and induce a microsheath field in the
meshes; then a large number of protons in the catcher
target are accelerated to drive the pB nuclear reaction.

© 2023 American Physical Society
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The meshed target greatly increases the action area of the
sheath field to enlarge the number of protons, and controls
the proton energy to allow optimization of the nuclear reac-
tion cross section by adjusting the size of meshes based on
the laser intensity. Two-dimensional (2D) particle-in-cell
(PIC) simulations show that compared with a solid target,
the meshed target can bring about a 6-times enhancement
in the yield of the pB nuclear reaction, which is also pos-
itively correlated with the laser intensity. Our approach
provides an idea for the study of laser-driven pB reactions
and « sources.

II. THEORETICAL ANALYSIS

The pitcher-catcher scheme with meshed catcher target
is shown in Fig. 1(a), which takes advantage of the net
charge brought by hot electrons from the pitcher to induce
a microsheath field and accelerate protons further. As the
protons from the pollution layers are pulled out, the net
charge inside the mesh is neutralized gradually, and the
electrostatic field gets weakened, then finally disappears.
So it can be considered that the electrostatic potential
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energy brought about by hot electrons in the mesh is con-
verted into the kinetic energy of the protons. To estimate
the electrostatic field and the proton temperature theoreti-
cally, we solve the Gauss theorem with the mesh setup, and
then the expression of the electrostatic field in the mesh can
be obtained as

(1)

where 7 is the distance to the center of the mesh and n,
is the electron density. Protons move towards the cen-
ter of the mesh under the action of electric field, so
E,=e¢ Od/ ‘E.dr= (€% /16¢€y)n.d?. Considering that the
net charge is gradually neutralized by protons during the
acceleration process, assuming that the net charge density
in the mesh decreases linearly with the acceleration pro-
cess, T, = (E,) = (¢?/32€0)d*ny, where ny represents the
initial density of hot electrons. So, the proton temperature
is proportional to the hot electron density and the square
of the mesh size. For interaction between intense laser and
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(a) Setup of the proposed scheme for enhancing the pB reaction by utilizing a meshed catcher target. The blue cloud repre-

sents hot electrons that are produced through interaction between a laser and a Cu target. The green meshed boron target is designed as
catcher. There are water pollution layers on the inner surface of the meshes that provide protons (yellow spheres). Black arrows repre-
sent the direction of the electric field induced by the hot electrons in the mesh. (b) pB cross section versus the energy of protons in the
laboratory frame, based on the analytic approximation of Nevins and Swain [8]. (c) Expected nuclear reaction yield of one proton with
different energy incident into boron targets with different thickness D. (d) Theoretical prediction of the relationship between nuclear
reaction yield, mesh size d, and laser intensity for our scheme, based on D = 16 um. The theoretical yield is normalized by the yield

ofd = 10 pm, I = 102 W/cm? cases.
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formed plasma, the generated hot electrons follow a pon-
dermotive energy spectrum with a slope temperature 7;, =
mec?[(1 —I—I)»im/l.37 x 10'%)1/2 — 1] [30]. Assuming that
the absorptivity of the laser f* is constant for the conve-
nience of theoretical discussion, which is appropriate when
the laser intensity is above 7 = 1 x 102 W/cm? [31,32],
it can be estimated that n, o f1/Tjc, where c is the speed
of light [33]. Combining the two equations, we can get
n.  +/I1. Finally, we obtain the relationship between the
proton temperature, the mesh size, and the laser intensity:
T, « ﬁ &2,

To control variables for direct comparison, the average
density of different meshed targets should remain constant.
When the meshes become smaller, the internal surface area
of the meshes get bigger, which means the sheath field has
a larger action area. So it is reasonable to estimate that
the number of protons accelerated to induce the nuclear
reaction is inversely proportional to the size of meshes.
Meanwhile, the higher the density of hot electrons in the
meshes, the more protons are required to neutralize the
net charge. Therefore, when the mesh size remains the
same, the number of protons pulled out in the meshed tar-
get should be proportional to the density of hot electrons.
In general, N, o« n./d. Based on the above analysis, the
spectrum of accelerated protons can be presented as

dN, C; >
—5 = 5 oD (—E/CVIdY). )
Cy and G, are constants, which are related to specific laser
and target parameters.

The calculation formula of pB nuclear reaction yield in
pitcher-catcher geometry is as follows [16]:

£ E dn,
Na=3n3/ / OE) g\ D g (3
E*_Echange E(E) dE*

where Ecpange = fOD €(E(x))dx, €(E) represents the stop-
ping power of protons in cold boron targets, o (E) rep-
resents the cross section of the pB nuclear reaction, and
D is the thickness of the boron target. Different from a
thermonuclear reaction, the influence of stopping power
should be considered in this geometry, which is the decel-
eration effect caused by the collision of solid cold boron
targets with protons. The nuclear reaction rate ovdt can
therefore be rewritten as ovdt = odx = (0/dE/dx)dE =
(0/€)dE. Figure 1(c) shows the expected nuclear reac-
tion yield of one proton with different energy incident into
a boron target with different thickness. Due to the stop-
ping power, the proton energy decreases dramatically, and
then the nuclear reaction cross section decreases. There-
fore, although the peak of the pB reaction is located at 675
keV, the maximum of the expected reaction yield does not
always correspond to the peak, but changes with the thick-
ness of the target. It can be noticed from Fig. 1(c) that when

the proton energy is greater than 1 MeV and the thickness
is larger than 10 pm, the expected yield of the nuclear
reaction is close to the maximum value. There is a trend
shown in Fig. 1(c) that the expected yield will increase as
the proton energy and target thickness continue to increase,
but considering the accelerated proton spectrum, the num-
ber of protons decreases exponentially with the increase of
energy, so it is most appropriate to use 1-MeV protons to
drive the nuclear reaction.

Substituting Eq. (2) into the above equation and setting
the thickness D as 16 wm as the range of 1-MeV protons
in the boron target is about 12.58 pwm [34], the relation-
ship between the nuclear reaction yield and laser intensity
and mesh size can be obtained, as shown in Fig. 1(d). It
can be found that with a fixed laser intensity, the nuclear
reaction yield increases first, and then decreases with the
increase of the mesh size, which means that there is an
optimal value. This is because the increase of the mesh size
will increase the proton temperature, making the number of
protons that are at about 1 MeV increase. However, as the
mesh size continues to increase, the total number of pro-
tons accelerated decreases since the total area of the sheath
field decreases. With an increase of laser intensity, the yield
of the nuclear reaction increases under the optimum mesh
size. The theoretical calculation shows that with the laser
intensity increasing from 1 x 10%° to 1 x 10%2 W/cm?,
the yield also increases by 30 times, that is, the yield of
the nuclear reaction increases with an increase of laser
intensity in our scheme.

All in all, by adjusting the size of the mesh, the acceler-
ation process of protons in the target can be well controlled
for the nuclear reaction, which is an advantage that cannot
be realized in a traditional pitcher-catcher scheme based on
TNSA.

III. SIMULATION RESULTS

As presented explicitly in Eq. (3), the nuclear reac-
tion rate is related to the cross section and the stopping
power in the pitcher-catcher geometry. Due to the stop-
ping power, protons will lose energy when moving in the
catcher target, while the cross section is also changed along
with the proton energy dynamically. Therefore, simula-
tions with ion stopping power and nuclear reaction are
necessary for analyzing the whole process in detail. In our
2D EPOCH code [35], nuclear reaction calculation mod-
ule and stopping power of ions from SRIM table are all
implemented, which can iterate self-consistently during
the evolution of the laser-plasma system [36—38]. By the
way, in the simulation only the main channel of the pB
reaction, p + "B — o) + %Be” +5.65 MeV —> a; +
o1 + a3, has been included for less complexity, which
mostly contributes to the nuclear reaction cross section
[39].
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The simulation box size is 170 x 12 pm? with a
spatial resolution of 10 nm in both the longitudinal (x)
and transversal (y) directions. The boundary condition
is simple-outflow and periodic, respectively, in x and y
directions. A laser pulse with 7 = 1 x 102 W/ecm?, A =
1.053 wm, and p polarization propagates in the +x direc-
tion, which is a plane wave and Gaussian with duration
7 = 0.5 ps in temporal profile. A copper target with thick-
ness of 10 wm and 100n. is set as the pitcher located
at 0 pm. Preplasma with scale length A =3 um is also
included in front of the pitcher target. The macroparti-
cles in each cell for electrons and Cu ions are 80 and
40. For the catcher target, a boron target is placed from
x =30 pm to x = 126 wm for both the solid target case
and meshed target case whose density is also n, = 100n,.
The macroparticles in each cell for electrons and boron
ions are 48 and 24. The meshed target consists of periodi-
cally arranged square meshes with period size d = 10 and
12 pm, so the thickness of the boron filled in the x direction
D is about 16 pm, corresponding to the range of 1-MeV
protons discussed above. There is a pollution layer with
thickness of 300 nm and #n, = 100#n,. attached on the sur-
face of each of Cu target and boron target, which provides
the protons for the pB reaction. The macroparticles in each
cell for electrons, protons, and oxygen ions are 100, 80,
and 24, respectively. We use a third-order particle shape
in order to avoid artificially softening the edges of meshes
while avoiding numerical self-heating. The initial plasma
temperatures are both set to 0. The numerical convergence
is confirmed by comparing the physical quantities of inter-
est with simulations with different macroparticle numbers
per cell and with the two codes, EPOCH and WarpX [40].

As mentioned above, hot electrons produced by the
interaction of ps laser and pitcher target induce a
microsheath field, which plays a key role in enhancing
the nuclear reaction. As shown in Fig. 2(a), hot electrons
are generated from the pitcher target and expand into the
meshed target, then bring about a net charge to each mesh.
According to Gauss’s theorem, an electric field will be gen-
erated in the mesh, which is directed towards the center of
the mesh, as shown in Figs. 2(b) and 2(c) corresponding
to E, and E,, respectively. Since the hot electron density
does not change much within the size range of the mesh,
we assume that the hot electrons are uniformly distributed,
which can be given by the simulation results in Fig. 2(a) as
ne =3 x 10~2n,. Figures 2(d) and 2(e) show a comparison
between the simulation results of £, and £, in the mesh and
the theoretical results of Eq. (1), respectively, which are in
good agreement. It is worth noting that there is a difference
between the simulation results and the formula at the edge
of the mesh, as the symmetry required by the Gaussian
theorem is disrupted. Considering that we are concerned
about the work done by the electric field on the protons in
the mesh, the difference in electric field at the edge has a
negligible impact on our theoretical analysis. Simulations
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FIG. 2. 2D snapshots of (a) electron densities 7., (b) electric
fields E\, and (c) electric fields £, at =1 ps. Black solid line
in (b),(c) represents the electric field distribution along this axis.
The black boxes correspond to the distribution of (d) £, and (e)
E, along the axis in the mesh.

show that the electric field will exist until enough pro-
tons are accelerated into the meshes to neutralize the hot
electron charge.

With this physical process, a large number of protons
whose energies are around 1 MeV to drive the nuclear
reaction can be obtained. Figure 3(a) shows the proton
energy spectrum of meshed target case and solid target
case. The red curve shows the spectrum of protons accel-
erated in the meshes at ¢t = 2.76 ps, when the electrostatic
field inside the meshed target disappears. It is easy to see
that the corresponding cross sections of the protons accel-
erated in the meshed target are all above 0.1 barn. For the
solid target case, the reaction cross section correspond-
ing to the energy of protons entering the catcher is very
small. Meanwhile, the meshes increases the action area
of the sheath field, which means that the number of pro-
tons accelerated in the meshed target is far more than that
entering the solid target leading to more low-energy pro-
tons to better drive the pB nuclear reaction. The above
two factors lead to the enhancement of the nuclear reac-
tion of the meshed target, which is shown in Fig. 3(b) as
the temporal evolution of the pB reaction yield and the pro-
duction rate for solid target and meshed target. Due to the
limitation of computing resources, we only simulate the
physical process for 6 ps. In the process we simulate, the
number of reaction events in the meshed target case is 3
times that of the solid target case. In the inset of Fig. 3(b),
the production rate of the solid target case decreases by 2
orders of magnitude at = 6 ps. For the meshed target case,
the production rate is starting to decrease. Therefore, it is
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FIG. 3. (a) The spectra of protons accelerated in meshes (red)

and protons entering the solid catcher from pitcher (blue). Black
dash-dotted curve represents pB fusion cross section as a function
of proton energy in the laboratory [8]. (b) Temporal evolution of
the yield of the pB nuclear reaction, the inset showing the tem-
poral evolution of the production rate. (c) The a-particle energy
spectrum of the two cases. For the convenience of comparison,
the value of the blue curve (solid target case) is increased 4 times.
(d) The a-particle angular distribution for both cases.

reasonable to believe that the yield of the meshed target
case can be 6 times higher than that of the solid target
case when the whole process is completed. We substitute
the fitting of proton energy spectrum of the two cases into
Eq. (3) and verify the above conclusion through numeri-
cal calculation. Figures 3(c) and 3(d) show the «-particle
energy spectra and angular distributions of the two cases.
Compared with the solid target case, the energy spectrum
of the o particles of the meshed target case is peaked
at about 4 MeV, while the solid target case production
has a large energy broadening. This is because the pro-
ton energy involved in the reaction in the meshed target
is low, and the «-particle energy mainly comes from the
energy released by the nuclear reaction, which is about 4
MeV [41]. In the case of solid target, the protons involved
in the nuclear reaction are far more energetic, so they will
transfer more energy to « particles, which brings about
the broadening of the energy spectrum shown as the blue
curve in Fig. 3(c). What is more, the protons accelerated
by the planar target through TNSA have strong forward
directional characteristic, which also leads to the forward
directional characteristic of the « particles of the solid
target case. The protons accelerated in the meshed tar-
get tend to be isotropic, as do the o particles generated.
Although the directivity of the products from the meshed
target is not as good as that from the solid target case, due
to the huge increase in the number of reaction events, the

number of forward « particles is still larger than that of
the solid target, as shown in Fig. 3(d). Combined with the
energy spectrum with good monoenergetic characteristics,
the meshed target may have more application scenarios as
a secondary «-particle source. From the application per-
spective, it is necessary to discuss whether o particles can
be ejected from boron targets. In the meshed target, o par-
ticles need to pass through an average of 8 wm of boron
to get out of the target, while o particles in solid targets
need to pass through tens of micrometers of boron to exit.
According to the calculation results of SRIM, a range of
8 wm corresponds to 3-MeV « particles, which is less than
the main «-particle energy generated by the meshed tar-
get, which is above 4 MeV. Therefore, compared with solid
targets, a significant fraction of « particles generated in
the meshed target can escape and are more conducive to
practical applications.

The influence of different mesh size and laser inten-
sity on the nuclear reaction should be discussed further
for optimization. Figure 4(a) shows energy spectra of the
protons inside the meshes at the moment the electric field
in the meshes disappears for different cases, and the total
yield for each cases is presented in Fig. 4(b). When the
mesh size of the meshed target is small, for example, 4
and 5 pm, a large number of accelerated protons cannot
reach the first peak of expected yield around 1 MeV, which
leads to an enhancement of reaction events only about 1-2
times compared with the case of the solid target. When the
meshes become bigger, for example, 8, 10, and 16 pwm,
more protons are accelerated to 1-5 MeV, which results in
a higher yield of the nuclear reaction. The number of pro-
tons accelerated is counted and the temperature of protons
in different meshed targets is also fitted, which is shown in
Fig. 4(c). As the mesh size increases, the number of pro-
tons participating in the nuclear reaction decreases because
of the smaller action area for the sheath field, which is con-
sistent with our previous theoretical analysis. Also, it can
be seen in Fig. 4(c) that the proton temperature is close
to being proportional to the square of mesh size, which
is also consistent with our theoretical estimation. In our
theoretical prediction, based on the laser and target param-
eters we use, the optimal mesh size is around 812 pm.
Therefore, for a fixed laser intensity, there is an optimal
mesh size. Figure 4(d) shows the proton energy spectrum
for protons accelerated in different meshed targets under
different laser intensity, which is set based on the best con-
dition in Fig. 1(d). It can be seen that with a linear increase
of /I, with a corresponding decrease in the size of the
mesh, the final proton temperature is almost unchanged,
but the number of protons increases obviously, which will
inevitably lead to an increase in nuclear reaction yields,
which is shown in Fig. 4(e). Simulation shows that when
the laser intensity is enhanced to 7 = 1.6 x 102! W/cm?,
the yield of reaction using a meshed target with a mesh
of 4 wm has an order-of-magnitude increase compared
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FIG. 4. (a) Spectra of the protons at the moment of electric

field disappearance in different meshed targets, symbolized by
different colors. Black dash-dotted line represents the expected
yield for one proton for different energy. (b) The yields of nuclear
reaction for different meshed target cases. (¢) Number of pro-
tons that are accelerated and proton temperature from meshed
targets with different parameters. (d) Spectra of the protons of
optimal meshed targets for different laser intensity. (¢) The yields
of nuclear reaction for the different cases in (d).

with that for 7/ = 1 x 102 W/cm? and mesh of 8 pm. It
is obvious that with this laser intensity, the higher-energy
protons brought about by traditional TNSA with a solid tar-
get will not increase the number of nuclear reaction events
in pitcher-catcher mode, but only lead to « particles gener-
ated with higher energy. It is worth mentioning that from
the perspective of fusion energy applications, this scheme
is insufficient. Taking the case of 7 =1 x 102 W/cm?,
d = 8 wm as an example, the total laser energy is about
20 J, while the energy released by the pB reaction is about
1 x 10™* J. The conversion rate from laser energy to fusion
energy is about 5 x 1074%.

IV. SUMMARY AND DISCUSSION

In summary, a scheme for laser-driven pB reac-
tion enhancement based on pitcher-catcher geometry by
utilizing a meshed catcher target is explored. First of all,

the meshes increase the interaction area of the accelerating
protons by the microsheath field, which greatly increases
the number of protons. Secondly, compared with the tra-
ditional TNSA mechanism that accelerates protons to tens
of MeV, the microsheath field accelerates protons to the
MeV level, which greatly increases the cross section of
the pB nuclear reaction. 2D PIC simulations show that the
microsheath field induced by hot electrons in the meshes
results in a 6-times improvement in the yield of the pB
nuclear reaction. Since the energy of the protons is rela-
tively low, the distribution in space of « particles produced
tends to be isotropic and the energy of « particles is mainly
around 4 MeV.

Furthermore, we explore the control of proton acceler-
ation through adjusting the laser intensity and the param-
eters of the meshed target, which could be also predicted
by the theoretical analysis. The size of the meshes affects
the number of protons accelerated in the catcher target
and also their temperature. The larger the mesh, the fewer
the protons, and the higher the temperature. Simulations
confirm that there is an optimal mesh size for the deter-
mined laser parameters, which provides a clear theoretical
basis for the experimental realization of this scheme. With
increasing laser intensity, the size of meshes should be
reduced to increase the number of protons while keep-
ing the proton energy still near 1 MeV, further increasing
the yield of nuclear reactions. This kind of dynamic con-
trol of the interaction process to realize optimization is
absolutely not available for the traditional pitcher-catcher
scheme. As the laser intensity increases by 1 order of
magnitude, the nuclear reaction yield also increases by 1
order of magnitude under the optimal conditions of the
meshed target. With the development of laser technology,
the intensity and duration of lasers continue to increase,
and our approach can provide more possibilities for further
application of and research into pB reactions.
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