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ABSTRACT

Enhancing the energy and controlling the divergence of proton beam have been crucial tasks since the development of laser-based ion accel-
erators. In this study, we employ 2D particle-in-cell EPOCH simulation to investigate a method to control the divergence and enhance the
energy of MeV proton beam produced from the interaction of high intensity laser with a gold target. The energy and divergence of proton
beam for the conventional laser-foil target configuration are compared with our proposed three laser-three target configuration. In the single
laser-single target configuration, a high intensity laser irradiates a gold foil target resulting in proton acceleration from the plasma. In con-
trast, in the three laser-three target configuration, the generated proton beam is allowed to traverse through the configuration of two parallel
Al plates irradiated with high intensity lasers. The new configuration provides the proton energy enhancements of 40% and more collimated
beam compared to the single laser-foil target setup. This collimation and energy increase are due to the vertical and horizontal components
of the electric field generated by the hot electron plasma of Al plates. The proton energy and divergence can also be tuned by varying the
plasma electron density of the Al plasma. Also, the control of proton beam collimation is explored by varying target parameters as well, and
it is observed that the separation between the Al plates and length of the Al plates plays major role in controlling the divergence of the beam.
This study will have a significant impact in the ongoing laser fusion program, fast ignition, and laser ion therapy.
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INTRODUCTION

The interaction of the high intensity laser (I > 1018 W cm�2)
with matter is a promising source for electrons,1 ions,2–4 x rays,5,6 and
different radiation7 through the production of hot-dense plasma. Due
to its low cost, reduced source size, high beam densities, and short
pulse duration typically in the picosecond range, the laser-based accel-
erator provides substantial benefits over the conventional accelerator.
Ion (proton) acceleration in the MeV ranges8–10 from the laser plasma
interaction has attracted great attention for various applications, such
as proton therapy,11–13 proton radiography,14–16 and fast ignition in
inertial confinement fusion.17 In view of the many potential applica-
tions stated earlier, the energy and beam divergence must be properly
optimized. Target normal sheath acceleration (TNSA), radiation pres-
sure acceleration (RPA), and shock acceleration are a few of the mech-
anisms used to produce ions with relativistic energy, with the currently
available intensity (I > 1018–21 W cm�2). Ion acceleration from the
TNSA is one of the most frequently investigated mechanisms. In the
TNSA process,18–20 hot electrons generated at the target’s front surface
travel through the target, creating a charge separation between heavy
ions and electrons as they reach the target’s backside, resulting in a

strong sheath of an electric field in the range of TV/m.21 This strong
electric field further accelerates the proton from the contaminant
layers of hydrocarbon present at the rear side of the target.22,23 The
maximum proton energy and the divergence of the beam solely
depend on the fast electron propagation and the produced sheath field
at the rear side of the target,24 and any deformation in the sheath
field will lead to a perturbation in the proton beam. The fast electron
propagation is smooth until it reaches the Alfv�en current limit
(IA� 17 b! kA),25 to maintain a continuous flow of any current
exceeding the Alfv�en limit, a return current must flow to counter bal-
ance the forward current,26,27 and the imbalance between these two
currents produces a magnetic field that makes the fast electron trans-
portation complicated leading to inhibition to the electron beam
flow.28,29 These filamentary structures are imprinted on the proton
beam because the proton is driven by the sheath field created by the
fast electrons,30 and this disruption of the sheath field increases the
divergence of the beam and lowers the proton peak energy as well.
The divergence of the proton beams due to the different instabilities is
inherent in nature, and proper control should be achieved for the
application purposes. A low divergence proton beam is necessary,
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especially in proton fast ignition and cancer therapy. The location and
size of the cancer cells determine the energy and divergence of the pro-
ton beam required for cancer therapy. A larger divergent proton beam
can potentially cause damage to healthy tissues. In the case of inertial
confinement fusion, for the proton fast ignition31 to occur, a highly
energetic proton beam with high flux should deliver the energy on the
pre-compressed D–T fuel to start the ignition process.

The TNSA field produced proton beam is poly-energetic in
nature due to the Gaussian sheath field distribution. The lower energy
particles will have higher divergence in comparison with higher energy
particles. The proton beam energy and the beam collimation are very
much correlated, since the distortion of the sheath field not only
makes the proton beam divergent but also produces a low energetic
proton beam. In the past, the focus has been primarily on reducing
instabilities by smoothing the sheath field, which is accomplished by
controlling fast and return current propagation employing sandwich
targets of resistive gradients. The collimation of the hot electrons,
which is reflected in the proton beam divergence, is caused by the
strong self-generated resistive field at the interface of the resistive gra-
dient.32–34 The beam quality will deteriorate in terms of energy and
collimation if the sheath field has a large spread along the transverse
direction. In the work of Sonobe et al.35 and Yu et al.,36 they have
demonstrated that one may regulate the sheath field by localizing the
electrons, which limits the transverse spread of the electron beam.
This is accomplished by drilling a hole in the back of a slab target,
opposite to the laser irradiation point. In another attempt to smoothen
the sheath field, the work of Gong et al.37 showed that a target with
density gradient can be an effective way to control the beam diver-
gence. In their structured target, a core with low electron density and a
cladding with higher electron densities are used. In this configuration,
the laser propagation becomes stable and is effectively guided along
the core. The smooth propagation of the laser along the core channel
results in a smooth distribution of electrons at the end of the core
channel, generating a smooth sheath field for proton acceleration.
Also, different target geometries like curvature targets38,39 and quadru-
pole magnets40–42 are seen to be used for controlling the angular distri-
bution of the proton beam. Another novel method for collimating the
proton beam is the micro lens,43,44 in which a strong sub picosecond
laser pulse irradiates a hollow cylinder, and the divergence is reduced
by the triggered transient field on the inside wall of the cylinder as it
passes through the cylinder, but the energy enhancement is not
addressed.

Several works have been reported on the proton energy enhance-
ments. Increasing the laser pulse absorption by electrons is essential in
improving the transfer of laser energy to ions. The experiment per-
formed by the Strehlow et al.45 showed how attaching a microtube at
the front side of a slab target increases the laser absorption by the elec-
trons, which, in turn, increases the proton peak energy. The work of
Gizzi et al.46 shows the inclusion of micrometer ranged pre-plasma
can be an effective way to increase the proton cutoff energy.
Eventually, different pre-plasma scale length changes the laser absorp-
tion and modifies the behavior of the fast electrons.

Thus far, the primary focus has been to smoothen the sheath field
to gain control over the proton beam. In this work, instead of improv-
ing the beam quality in terms of energy and collimation inherently,
our focus is to gain control over the proton beam externally after the
protons are accelerated from the rear side of the gold foil target. In this

scheme, the aluminum foils upon interaction with two separate laser
pulses would provide the strong electric field that acts to collimate the
proton beams as well as to accelerate further, so that the proton energy
is also increased. The proposed scheme offers flexibility in parameter
selection to enhance energy and collimate proton beams by adjusting
the secondary laser parameters, length and spacing of aluminum
plates, and aluminum plasma density. The uniqueness of this
approach lies in the simultaneous focusing as well as energy enhance-
ment in the proton beam in a single setup. Up to 40% increase in pro-
ton energy is observed in the proposed scheme as compared to a
conventional slab target.

SIMULATION SETUP

Particle-in-cell (PIC) 2D simulations were performed using the
open-source code EPOCH.47 The simulation box extends from�15 to
þ25lm along the x direction and �12 to þ12lm along the y direc-
tion. With the grid size of 10 nm in both directions, the number of
grid cells was kept at 4000 and 2400 along the x and y directions,
respectively. The number of macroparticles in a single cell is 32 for
both ions and electrons. The two configurations addressed in this
work, single laser–single (SS) target configuration and three laser–
three target configuration (TT), are referred to as S–S and T–T, respec-
tively, throughout the discussion. The first laser is allowed to propagate
from the –X direction, and another two (second and third) lasers are
allowed to propagate from the þY and –Y directions [Fig. 1(b)]. For
all three lasers, P polarized Gaussian profile with a wavelength of 1lm
and pulse duration of 50 fs (FWHM) is used. The peak intensity for
the first laser (used to accelerate protons) is taken to be 4� 1020 W
cm�2, whereas for the second and third laser (used for collimation of
protons), it is 3� 1019 W cm�2, with a focal spot of FWHM is 2.5lm
for all three lasers. A gold (Au) target of a thickness of 2lm is placed
at X¼�15lm, whereas two parallel plates of aluminum of a thick-
ness of 2lm separated by 10lm were kept parallel to the X axis, as
shown in Fig. 1(a). We label the lasers into three names for our conve-
nience: Laser 1—which is the primary laser interacting with the Au
target and has an intensity of 4� 1020 W cm�2, laser 2—the secondary
laser with intensity is 3� 1019 W cm�2 propagating from the þY
direction and interacting with the top Al plate, and laser 3—another
secondary laser with the intensity same as laser 2 propagating from
the �Y direction and interacting with the bottom Al plate. We named
the two regions as up region and down region, and the up region is the
region between Y¼ 0 axis and the upper Al plates, and the down
region is defined as the region between the Y¼ 0 axis and the down Al
plate. Figure 1(b) depicts these two zones, which are mirror symmetric
with respect to the Y¼ 0 axis. We initialized both the target with a
fully ionized plasma with the electron density for the Au and Al targets
being 54 and 10nc, respectively, where nc is the critical density,
nc ¼ ð�0mew2

0Þ=ð4pe2Þ, where w0 ¼ 2pc=k0 is the angular frequency
corresponding to the laser wavelength (k0) and e0; me; and e are the
free space permittivity, mass of the electron, and electron charge,
respectively. We chose to use an ionized target due to computational
limitations. Preliminary simulations using a un-ionized gold target of
equal thickness and a laser pulse with identical parameters yielded ion-
ization states up to 75þ, with a significant proportion. Thus, consider-
ing a fully ionized target is a reasonable choice in light of
computational constraints. In our simulation, the electron density for
the Al target varied from low density to solid density (10 to 52nc) to
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observe the effect of plasma density on the laser absorption, while the
gold target density is kept constant at 54nc. Since the proton from the
contaminant layer gets accelerated in the TNSA electric field, a 50 nm
proton layer is coated on the rear side of the gold target for all the
configurations.

RESULTS

We report the divergence control and energy enhancement of the
proton beam for both of our configurations: S–S configuration and
T–T configuration. In the S–S configuration, the proton beams gener-
ated from the Au gold target of thickness 2lm upon interacting with
a 50-fs laser pulse of intensity I¼ 4� 1020 W cm�2, whereas in the
T–T configuration, the same proton beam generated from the Au

target is allowed to traverse through the two parallel Al plates interact-
ing with another two lasers with an intensity of I¼ 3� 1019 W cm�2.
The Al plates have dimensions of 2lm in thickness and 10lm in
length, and they are separated by a 10lm distance. Figures 2(a) and
2(b) show the proton beam energy distribution from the Au target for
the S–S and T–T configurations, respectively. These snapshots are
taken a 500 fs, that is after the proton beams come out of the Al plates
region and reach the end of the simulation box. Figures 2(c) and 2(d)
show momentum (Px) distribution of the proton beam for both the
configurations. The poly-energetic beam profile for both the cases
with maximum proton energies of 30 and 42MeV, respectively, for
S–S and T–T configurations is observed. The energy enhancement is
studied in greater detail and these results show that the proton beams

FIG. 1. (a) Simulation set up with the overall density of three targets (Gold and two parallel Al targets) is shown here. (b) The schematic layout for the simulation setup; the up
region is defined as the region between the Y¼ 0 axis and the upper Al plate, whereas the down region is referred to as the region between Y¼ 0 axis and the lower Al plate,
and the arrows represent the schematic electric field lines.

FIG. 2. Energy and momentum distribu-
tion for the proton beam generated from
Au target at 500 fs; (a) and (b) correspond
to the proton energy beam profile for the
S–S and T–T configurations, respectively,
and (c) and (d) correspond to the momen-
tum (Px) distribution for S–S and T–T con-
figurations, respectively.
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are more collimated in the case of T–T configuration compared to
S–S. By comparing the energy distribution and momentum distribu-
tion (Px) of these two cases, we can infer the proton beam is more con-
vergent in the case of the T–T configuration compared to the S–S
configuration. Upon comparing the momentum distributions for both
cases, a noticeable white gap is observed in the T–T configuration [Fig.
2(d)]. Interestingly, this white gap appears only after the protons have
entered the region between the Al plates, as confirmed by the simula-
tion. This phenomenon is primarily attributed to the strong focusing
effect near the Al plate surfaces. Specifically, protons that are situated
in proximity to the Al target surface experience a greater push toward
the center of the region, resulting in their displacement toward the
same. As a result, the displacement of these protons close to the Al
plate surfaces manifests as a gap in the momentum distribution. In
both of our cases, the proton is generated from the same gold target,
but the same proton beam while passing through the region of two
plates interacting with another two lasers makes the proton beams col-
limated. The physical reason behind this is as follows: after irradiation
of the two lasers with the two Al plates, the generated hot electrons at
critical density surface penetrate through the plates and quickly spread
across the interior of the Al plates. These electrons initially condense
over a Debye length on the surface of the plate and produce a space
charge sheath field. The sheath field created by these hot electrons is
large enough to ionize the Al plates resulting in hot plasma expansion.
The resultant transient electric field produced at each Al plate surface
is propagated toward the center of the region between the two plates
by the action of plasma expansion. Since the field acts toward the cen-
ter, protons undergo focusing.

The generated protons from the Au target have some inherent
divergence angle; nevertheless, for this beam to be focused, there should
be some electric field component strong enough to generate the neces-
sary Lorentz force for pushing the beam toward the Y¼ 0 direction and
making the proton beam more convergent. To understand the impact
of the electric field on the collimation of the proton beam, we have cal-
culated the average electric field Ey in the up region and the down region
for both the S–S and T–T configurations. Figure 3 compares the average
electric field Ey calculated in the up region and down region for both
the configurations (S–S and T–T). The average Ey field in both the
region is random in nature for the case of the S–S configuration, and it
is almost close to the zero electric field line. This zero electric field for
the S–S configuration indicates the no focusing effect, which is already
reflected in the proton beam profile shown in Fig. 2(a). In the case of
(T–T) configurations, a strong electric field of the order of 1011 V/m is
observed for both the region, and they are directed opposite each other
facing toward Y¼ 0. The average electric field in the down region is in
the positive Y direction, whereas it is in the negative Y direction for the
up region. For proton to be focused due to this Ey field, the electric field
direction should be in the negative Y direction in the up region due to
the upper plate, and it should be in the positive Y direction in the down
region due to the lower Al plate, which is already reflected in the simu-
lated electric field for both the regions (Fig. 3). Focusing can only be
possible if there is some resultant electric field available in both regions
(up region and down region). The electric field variation in Fig. 3 is
transient in nature with time; once two secondary lasers begin interact-
ing with the Al plates, hot electrons are expelled out leading to the gen-
eration of the electric field. Since this electric field is proportional to the
number of electrons, the electric field grows till the electrons are

accumulated at the vicinity of the plates; after some time; there is a
downfall of the electric field, and it eventually reaches nearly zero-field
strength. The reduction of electric field is due to the lack of hot electrons
in that region as the driving force (laser pulse) vanishes after the pulse
duration is reached. As can be observed from the simulation, the proton
beam passes across these parallel plate regions in a time range of
100–500 fs, which indicates that the beam meets the strongest electric
field (the maximum electric field is observed in a time range between
150 and 250 fs) and gets collimated by it. The observed resultant
electric field due to all the available electrons are demonstrated by
the simulation is the positive Y direction for the lower Al plate and
a negative Y direction for the upper Al plate. There could be some
electric field in other direction too; this is the resultant electric field
in the two regions due to all hot plasma electrons from Al plates.
For the S–S configuration, the obtained electric field is almost close
to zero-field line; therefore, the proton beam is unaffected and trav-
els with its inherent divergence. However, in the case of T–T config-
uration, a very strong net electric field produced from two Al plates
makes the proton beammore collimated.

Here, an intense electric field is created by the hot electron
plasma of the Al plates. The strength of this electric field Ey is deter-
mined by the number of hot electrons that are expelled out of the Al
target, which, in turn, depends on how well the laser is absorbed by
the target. By tailoring the laser absorption to the target, one can
change the number of hot electrons pushed outward from the rear
side of the targets (here Al plates). The laser gets absorbed at the criti-
cal density surface, and at plasma electron density ne¼nc, the laser
delivers most of the energy, resulting in the enormous number of hot
electrons accelerated due to the laser energy absorption. Considering
the laser propagating in the Y direction with the vibration of the elec-
tric field in the X direction, the laser light can be represented in
Eq. (1), where w is the

~E ¼ x̂E0e
iwyc

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�n2e

n2c

� �r
e�iwt (1)

FIG. 3. The average electric field in the up region and the down region for both
configurations. In the T–T configuration, the average electric field for the up region
is in the negative y direction. In contrast, it is in the positive y direction for the down
region. The zero-field line indicates the zero electric field line; for the S–S configu-
ration, the electric field is close to the zero-field line in both regions, resulting in no
focusing effect. The average electric field is shown for both plates, and the transient
nature of the electric field is reflected here.
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angular frequency for the wavelength of light. We can see from the

aforementioned equation, it is the refractive index, n ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� n2e

n2c

q
,

which plays an important role in the absorption of the laser light into
the plasma. This section is concentrated on the impact of plasma elec-
tron density of Al plates on proton beam collimation. The plasma elec-
tron density for the Au target is also taken to be the same as before.
Keeping the laser parameters and the Au target parameters the same,
here, we have changed the plasma electron density for Al plates from
10 to 20nc and 52nc. Figures 4(a)–4(c) show the proton energy distri-
bution for the Al target plasma electron density of 10, 20, and 52nc,
respectively, for the T–T configuration. The focusing effect is observed
to vary with respect to change in Al plasma electron densities. Figures
4(d)–4(f) show the momentum distribution for these three densities
for the T–T configuration. The proton beam is found to be more
focused for plasma electron densities of 10nc compared to 52nc, and
for the plasma electron density of 20nc, the focusing effect is promi-
nent between the densities of 10 and 52nc. With an increase in plasma
electron density, the focusing effect is seen to diminish. Figures
4(d)–4(f) clearly demonstrate that the white gap in the momentum
space is significantly more pronounced for the density of 10nc com-
pared to the densities of 20 and 52nc. This observation can be attrib-
uted to the higher focusing electric field present in the 10nc density
case, which results in an increased push of the proton beam toward
the center as compared to the other densities. In Fig. 5, the angular dis-
tribution of protons is compared for the S–S and T–T configurations
as well as for the various plasma electron densities of Al plates in T–T
configuration. When comparing the angular spread of the proton

beam in the two scenarios, the T–T configuration exhibits less spread-
ing than the S–S scenarios. In the T–T case, the beam spreading is low-
est for Al plasmas electron density of 10nc in a comparison to the 20
and 52nc. Proton angular spread is found to increase with increasing
densities of electrons of Al plate produced plasmas, which is already
reflected in the proton energy and momentum distribution shown in
Fig. 4. The Ey of the hot electrons from the Al plates is responsible for
the proton focus. This is confirmed by computing the Ey field for vari-
ous plasma electron densities.

FIG. 4. Energy and momentum distribution shown for the T–T configuration for different densities. The proton energy distribution for the Al target plasma electron density of 10,
20, and 52nc is shown in (a), (b), and (c), respectively. (d), (e), and (f) The momentum (Px) distribution for the plasma electron density of 10, 20, and 52nc, respectively. All the
snapshots are taken at 500 fs.

FIG. 5. The proton angular distribution is shown for S–S and T–T configurations.
The focusing effect for different Al plasma electron densities is studied for the T–T
configuration. This angular distribution is calculated at 500 fs.
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Figure 6 illustrates the simulation-derived electric field Ey in the
up and down regions for various plasma electron densities. The elec-
tric field is higher for plasmas with electron densities of 10nc compared
to the electric fields obtained for electron densities of 20 and 52nc. The
focusing effect follows the same trend since the electric field changes
with density. This higher electric field for the plasma electron density
of 10nc makes the proton beam more collimated compared to the col-
limation for other densities considered here. This density dependency
of the focusing can be well understood from the absorption mecha-
nism referring to Eq. (1). For ne< nc, the laser becomes transparent to
the target, but for the ne > nc, the laser becomes opaque to the target.
In our work, over dense plasma is considered, where the electron den-
sity is a crucial factor in the laser absorption. From Eq. (1), it is obvious
that when the value of ne/nc is greater than the laser, the penetration
depth inside the target is lower, which leads to less absorption of light
resulting in lower number of hot electrons available for producing the
electric field for collimation. The lower value of ne/nc for ne¼ 10nc
allows the laser light to be more absorbed in the Al target, leading to
the generation of more electrons for producing the electric field for
collimation. The evolution of the angular distribution of the proton
with respect to time is also studied here for Al plasma electron density
of 10nc. The corresponding results are shown in Fig. 7. Since the pro-
tons accelerated from the gold target enter the external parallel plate
regions at about 100 fs, the evolution of angular distribution is consid-
ered from 100 fs. From the aforementioned results, it is clear that the
angular spread was initially very large. However, as soon as the electric
field is established following the interaction of two additional lasers
with Al plates, the protons focus owing to the electric field created by
the hot plasma electrons. At the start, the number of electrons involved
in the generation of electric field is low, with the increase in the inter-
action time, the number of electrons becomes larger, and the transient
nature of the electric field is reflected in the time evolution of the angu-
lar distribution of the proton.

The aforementioned results suggest that a strong electric field of
the order of 1011 V/m is observed to collimate the MeV range proton
beam. The focusing effect can be tuned by tuning the electric field. So
far, we have witnessed changing the electric field by varying the laser
absorption, and it has been demonstrated that the proton beam is
more focused for lower plasma electron densities. For all of our

previous results, the separation between the two Al plates was 10 lm,
and the separation between two plates is now altered to 16 and 20lm
while leaving all other laser and target parameters unchanged. The
plasma electron densities for Al plates are kept at 10nc. Figures
8(a)–8(c) depict the energy distribution of the proton beam for the
plate separation of 10, 16, and 20lm, respectively. When comparing
plate separations of 10, 16, and 20lm, it is shown that the proton
beam is more tightly focused for the 10lm plate separation. Figures
8(d)–8(f) show the momentum distribution (Px) of the proton beam,
which reflects the same result. The electric field for different plate sepa-
rations is obtained for two different regions of interest, the up region
and the down region, which is shown in Fig. 9. It is noted that the
obtained electric field, which is necessary for beam focusing, is in the
negative y direction for the upper Al plate and the positive y direction
for the lower plate. In comparison to the 16 and 20lm separations, a
stronger electric field is seen with a 10lm separation. While the elec-
tric field for a plate separation of 16lm is in the median of values for
10 and 20lm, it is substantially smaller for a plate separation of
20lm. This trend of the electric field is also replicated in the focusing
effect; due to the higher electric field for 10lm plate separation, the
protons are getting more focused, whereas the focusing effect started
decreasing with the increasing plate separations. We can see that for
the plate separation of 20lm, the electric field is almost close to the
electric field obtained for the single laser-single target (SS) configura-
tion. The proton beam profile for this configuration is nearly identical
to the S–S case [Fig. 2(a)]. Since all the laser and target parameters are
same, it is expected to have the same absorption of laser and the same
number of electron productions as before. These electrons are the
responsible for the supplying of the vertical component of the electric
field for the focusing of the proton beam. The magnitude of the electric
field varies as inversely square of the distances; as we move away the
plates from each other, even though the number of electrons are same,
the field decreases due to an increase in the plates separation.

The Al plates length is increased from 10 to 15 and 20lm while
maintaining the initial position same as before. All the laser and target
parameters are kept same as before. The proton energy distribution
for lengths of 10, 15, and 20lm is shown in Figs. 10(a)–10(c), respec-
tively. Figures 10(d)–10(f) show the momentum distribution for all
three different lengths of Al plates. The results highlight the different

FIG. 6. The density dependency on the focusing effect is presented here, and the
electric field (Ey) is shown for both the up region and down region for three different
Al plasma electron densities.

FIG. 7. Time evolution of angular distribution of the proton beam with time is shown
here. The density of the Al plasma electron density is considered here to be 10nc.
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focusing effects for the different lengths. It is observed that the 20lm
Al plates have highest degree of proton beam collimation, and the
15lm Al plates have a relatively higher degree of focusing when com-
pared to the 10lm plates. Another interesting result, which is depicted
here, is that for the length of 10lm, two proton peaks are seen. These
focusing peaks are caused by two different strong electric fields from
the two Al plates; however, for the lengths of 15 and 20 lm, the two
peaks converge to form a single peak. The angular distribution of the
proton for three different lengths is shown in Fig. 11. For the plate
length of 20 lm, a single prominent peak is observed compared to

other lengths. The reason behind this collimation is that the higher
plates length enables the proton beam to remain in the plate region for
a longer period of time; the longer the plate, the longer the region of
electric field; because of the longer traversing region, the protons get
pushed into the smaller region toward the center; therefore, the pro-
tons appear to have a single peak.

Energy enhancement of the proton beam has also been observed
in T–T configuration in comparison to the S–S configuration. The
obtained maximum proton energy for the S–S configuration is
30MeV, and for the T–T configuration, it is 42.5, 40.6, and 37.9MeV
for the Al plasma electron density of 10, 20, and 52nc, respectively.
Figure 12 depicts the proton energy spectrum for both configurations.
It also depicts the spectrum for the T–T arrangement for various Al
plasma electron densities. The energy enhancement is observed for all
the plasma electron densities for the T–T configuration compared to
the S–S configuration. The reason for the energy enhancement is the x
component of the electric field (Ex) produced by the electrons coming
out from the Al plates. The TNSA field, which results from the charge
separation between the heavy ions and electrons at the target’s rear
side, accelerates protons away from the gold target, and this TNSA
field is the target and laser dependent. Since we employed the same
target (Au) and laser parameters in all of our configurations, the
TNSA field for proton acceleration at the Au target surface will be the
same for all the configurations. In the S–S configuration, the 30MeV
energy proton is generated from the TNSA field produced at the rear
side of the gold target. The proton energy is observed to be higher in
the T–T configuration. In this arrangement, accelerated protons from
the gold target enter the zone between two parallel plates of aluminum,

FIG. 8. Energy and momentum distribution shown for the T–T configuration for different separation between Al plates of plasma electron density of 10nc. (a)–(c) The proton
energy distribution for the plates with a separation of 10, 16, and 20 lm, respectively. (d), (e), and (f) The momentum (Px) distribution for the plates with a separation of 10, 16,
and 20, respectively.

FIG. 9. The simulation obtained electric field (Ey) in the up region and down region
is shown for various plate separations (10, 16, and 20lm).
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and the energy is boosted by the additional Ex field created around the
aluminum plates. To check whether the energy enhancement is hap-
pening inside the parallel plate region or not, we have obtained the
maximum proton energy at different time steps for both configura-
tions as shown in Fig. 13(a).

Prior to the beam traversing the parallel plate regions, we can
observe that the maximum proton energy is nearly same for both
arrangements; however, once the proton beam approaches the region
of two parallel plates, the energy enhancement begins in a linear
pattern. This infers that the energy enhancement is only due to the

parallel plates. From Fig. 13(a), it is clear that in the case of S–S config-
uration, the maximum proton energy becomes nearly constant after
200 fs, implying that the beams already have gained energy from the
TNSA field produced at the rear side of the Au target. However, there
is a tendency for energy to increase over time in the scenario of T–T
configuration, leading to the conclusion that this energy augmentation
is caused by an electric field other than the TNSA field. We calculated
the resultant x component of the electric field (Ex) in the region
extending from the start of the Al plates to the end of the simulation
box for both of our configurations to validate that the energy

FIG. 10. Energy and momentum distribution shown for the T–T configuration for Al plates of different lengths for plasma electron density of 10nc. (a)–(c) The proton energy dis-
tribution for the plates with lengths of 10, 15, and 20 lm, respectively. (d)–(f) The momentum (Px) distribution for the Al plates of different lengths of 10, 16, and 20lm,
respectively.

FIG. 11. The proton angular distribution is shown for different Al plate lengths for
the T–T configurations. This angular distribution is calculated at 500 fs.

FIG. 12. Proton energy spectrum for S–S and T–T configurations. For the T–T con-
figuration, the energy spectrum is shown for the different plasma electron densities.
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augmentation only begins at the region of the parallel plates. The rea-
son for calculating the electric field till the end of the simulation box is
that the Ex exists till the end of the simulation box to accelerate the
proton. Figure 13(b) highlights the average horizontal component of
the electric field (Ex) for the S–S and T–T configurations. For the T–T
configuration, the electric field (Ex) is also calculated for different
plasma electron densities of Al plates. The calculated electric field is
found to be almost constant for the S–S configuration. When com-
pared to the electric field obtained for the S–S configuration, a larger
horizontal electric field is seen in the T–T configuration. This addi-
tional electric field is the main factor contributing to the increased pro-
ton energy in the T–T configuration. The proton originates from the
identical Au target in both scenarios, and the TNSA field created by
the gold plasma is the same in both the configurations. In Fig. 13(b),
the electric field is calculated in the region starting from the parallel
plates to the end of the simulation box, which is the 8-lm distance
from the Au target. Even though the TNSA field is created at the gold
target’s backside, it will still contain some components in this region of
interest, which reflects the flat like electric field obtained for the S–S
configuration. However, the electric field for the T–T configuration is
increasing with the time as can be seen in Fig. 13(b), which combines
the TNSA field component, and the electric field generated by the elec-
trons from the aluminum plates. The used electric field for the proton
energy enhancement can be calculated by subtraction of the electric
field for the S–S configuration from the obtained electric field for the
T–T configuration.

The positive electric field (Ex) observed in this study is attrib-
uted to plasma electrons generated from the Al plates. In our 2D
simulations, we focused on analyzing the Ex and Ey components of
the electric field, which are responsible for the electric fields result-
ing from plasma expansion when the Al plates interact with sec-
ondary lasers. The transverse component (Ey) collimates the
proton beam, while the horizontal component (Ex) enhances pro-
ton energy. Despite the electrons being mainly expelled in the Y
direction, a finite component is observed in the X direction. The
magnitude of the average electric field (Ex) resulting from plasma
expansion is presented in Fig. 13(b). The horizontal electric field
(Ex) distribution, shown in Fig. 14, reveals a positive electric
field of approximately 1011 V/m at the exit end of the Al plates,

indicating that this additional component originates from the Al
plate end and is responsible for proton energy enhancement.

Figure 13 points to another significant observation, which is the
effect of Al plasma density on proton energy. The proton energy is
42.5MeV for an electron density of 10nc, whereas it is 40.6 and
37.9MeV, respectively, for the plasma electron density of 20 and 52nc.
Equation (1) clearly illustrates how the Al plasma electron density
influences the laser absorption in the Al target, which is already dis-
cussed previously. For lesser Al plasma electron densities, the absorp-
tion becomes higher leading to higher number of electrons available
for generating the horizontal component of the electric field for
enhancing the energy of the proton beam.

DISCUSSION

What has been discussed thus far is that the plasma density plays
an important role in controlling the divergence and energy of the pro-
ton beam as inferred from Figs. 5 and 12. The electron density was
varied from lower to higher density (10–52nc) to observe the impact
on the laser absorption at different electron densities. It is observed
that for lower density plasma (10 and 20nc), more laser absorption

FIG. 13. (a) Maximum proton energies are shown for different timescales for two different scenarios (S–S and T–T). (b) The average horizontal electric field at different time-
scales is also studied for these two configurations.

FIG. 14. This illustrates the distribution of the longitudinal electric field, with a spe-
cific region of positive electric field highlighted. This positive electric field is respon-
sible for enhancing the energy of the proton beam.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 30, 063101 (2023); doi: 10.1063/5.0134619 30, 063101-9

Published under an exclusive license by AIP Publishing

pubs.aip.org/aip/php


results in the production of more electrons for the formation of the
electric field, which further enhances the beam quality in terms of
energy and collimation. Though the electron density 52nc corresponds
to the actual solid density for Al target, lower density Al plasma (10
and 20nc) could be achieved by introducing a pre-plasma before the
cold Al target. Before the main pulse, it is the pre-pulse that interacts
with the target first and create an exponential density gradient. The
main pulse then interacts with the preformed pre-plasma by the pre-
pulse. To date, the thickness of the Al is kept 2lmwith uniform densi-
ties 52, 20, and 10nc. Keeping the whole target thickness the same
(2lm), a combination of pre-plasma (thickness of 1lm) at the front
attached with a solid density target of 52nc (thickness of 1lm) at the
rear side is considered. In one case, a pre-plasma of scale length 1lm
with an exponential density profile varying from 10 to 52nc is attached
along with an Al plasma layer of thickness 1lm with uniform density
52nc. In another case, we have considered the same configuration with
density varying from 20 to 52nc for 1lm pre-plasma. Figures 15(a)
and 15(b) show the plasma density profile for Al plates, respectively,
for 10 and 20nc after introducing the pre-plasma in both the cases.

Figures 16(a) and 16(b) show the proton energy beam profile for
the pre-plasma density starting from the 10 and 20nc, respectively. It is
observed that, the proton energy collimation is almost same as com-
pared to the corresponding uniform low plasma densities of 10 and
20nc [Figs. 4(a) and 4(b)]. Figure 16(c) shows the proton energy spec-
trum for the two cases—a uniform low-density Al plasma (10nc) and a
pre-plasma density profile with density variation from 10 to 52nc
attached with a solid density plasma of 52nc.

The cutoff energy for the proton beam at 550 fs is 43.08 and
42.52MeV, respectively, for the case with pre-plasma and without pre-
plasma. Figure 16(d) shows the proton energy spectrum for the low-
density uniform plasma of 20nc and a pre-plasma density profile with
density variation from 20 to 52nc attached with a solid density plasma
of 52nc. The proton cutoff energies are 40.70 and 40.58MeV, respec-
tively, for the case with pre-plasma and without pre-plasma. The colli-
mation and the proton energies are same for the pre-plasma cases in
comparison to the low-density uniform plasma cases. These results
suggest that even after introducing a low-density pre-plasma in front

of high-density plasma (52nc), we can achieve the same energy as in
the case of low-density uniform plasma. With experimental point of
view, though these low-density plasmas may not be directly producible
for Al, a suitable pre-pulse could be used to introduce a pre-plasma
gradient at the front side enabling similar control over the collimation
and energy of the proton beam.

Due to limitations in computational resources, our manu-
script only presents results from a 2D simulation. However, our
proposed approach can be extended to a more realistic 3D scheme,
where a hollow cylindrical target could be used instead of two par-
allel plates. To achieve proper collimation and beam shape, it is
essential to maintain a symmetric electric field. In the 3D scheme,
this can be accomplished by using multiple laser beams positioned
opposite to each other around the circumference of the cylinder.
Tuning of energy and collimation could be achieved by adjusting
the intensity of the secondary lasers. Current laser facilities have
the capability to provide multiple laser beams of suitable intensi-
ties, and also beam splitting optics could be used to derive the sec-
ondary laser pulses from the main laser pulse. The energy of the
secondary pulses could be one or two orders of magnitude lesser
compared to the main pulse energy. Previous work by Murakami
et al.48 has reported the production of an axial sheath field using
multiple laser beams. In their simulations, a microtube with a
cylindrical shape was used to interact with the laser pulses, which
produced a sheath field in the vacuum space within the cylinder.
Although the objective of their work was different, the sheath field
pointing toward the axis of the cylinder was observed, which is
similar to what is expected from a 3D configuration of our pro-
posed scheme.

In the simulations, the Au target is positioned at the boundary of
the simulation box. However, since the laser also begins at the bound-
ary, it covers two cells to initiate the laser propagation. This could lead
to variations in the corresponding results. To maintain the correctness
of our approach, the proton energy has been compared for two cases:
one where the target was kept at the simulation box boundary and
another where the target is shifted from the boundary by 50nm. In the
first case, the maximum proton energy was 30.1MeV, and in the

FIG. 15. (a) The Al plasma density profile after introducing a pre-plasma of 1 lm length having density ranging from 10 to 52nc, with solid density target (52nc) at backside. (b)
The Al plasma density profile after introducing a pre-plasma of 1 lm length having density ranging from 20 to 52nc, with solid density target (52nc) at backside. The corre-
sponding two-dimensional Al plasma is shown in the inset of both the figures.
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second case, it was 29.8MeV. We observed no significant difference in
the proton energy, indicating the correctness of the simulations.

CONCLUSIONS

The proposed three laser configuration enhances the proton
focusing as well as the energy. The protons from the gold target are
focused due to the vertical electric field, and energy enhancement is
due to the horizontal electric field created by the parallel Al plates.
These electric fields (Ex and Ey) with magnitude of the order of 1011

V/m are generated from the plasma electrons from the Al plates inter-
acting with another two secondary lasers. This model is very flexible in
tuning the energy as well as the divergence of the proton beam. The
target and laser parameters play an important role in controlling the
beam properties. This configuration is useful for the cancer therapy
and proton fast ignition in inertial confinement fusion.
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