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Recently, there has been some works on surface plasma wave (SPW) excited by a laser obliquely
irradiating on thin foil target, which can cause stronger target normal sheath acceleration of protons,
but cannot be excited by a grazing incidence laser. Here, we demonstrate a large amplitude Interface
Plasma Wave (IPW) can be excited by a relativistic laser pulse irradiating parallel (or grazing
incidence) to the interface of solid aluminum and low density hydrogen layer. This IPW enhance
markedly sheath electric field to accelerate proton and reduce reflection of laser pulse to improve
the couple efficiency. As results, a collimated high energetic and lower energy spread proton beam
can be efficiently achieved.

I. INTRODUCTION

In the early 90s of the last century, the introduction
of the chirped-pulse-amplification technique to generate
high power, short pulse lasers open a new era in ion
acceleration from laser-solid interactions. Due to the
higher charge-to-mass ratio, protons accelerate preferen-
tially from either side of the targets [1–4]. The unique
characteristics (high energy, short pulse duration, high
current, low emittance, and good directionality) of the
proton beam, emitted from the back of the solid tar-
gets, make it suitable for particularly promising applica-
tions in several branches of science and technology like
nuclear physics, experimental astrophysics, hadron ther-
apy, warm dense matter, inertial confinement fusions and
so on. [5–9]. It is noticed that the generation of protons
from laser-solid interactions depends not only on the laser
parameters like intensity, pulse duration, prepulse level
but also target properties like thickness, geometry, ma-
terial, etc. [2, 4].

One of the foremost acceleration of the rear surface is
target normal sheath acceleration (TNSA)[10, 11], and
investigated by many groups in the last few decades.
However, due to its relatively low experimental require-
ments compared with other schemes (e.g., radiation pres-
sure acceleration, collisionless shock acceleration), TNSA
is the most studied laser-induced proton acceleration
mechanism [9, 12]. In this mechanism, an intense ultra-
short laser pulse irradiates a solid foil with hydrogen con-
tamination or an absorbing layer on the rear. It quickly
converts the foil into an overdense plasma and penetrates
the skin layer, where the laser field falls off rapidly with
depth. The laser experts a strong pondermotive force on
electrons and pushes them forward. The expansion of the
energized electrons, into the vacuum, provokes a sheath
electric field in the TVm−1 range essentially normal to
the target surface. Therefore, this sheath field acceler-
ates the protons from hydrogen-containing contaminants
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on the foil surface up to MeV energies over just a few
micrometers.
Recent studies show that structured targets can en-

hance the level of laser absorption [13, 14], and the ra-
diation yield [14, 15]. On the other hand, the physical
parameters of electron and ion beams can be improved
via excitation of surface plasmons, i.e., surface plasma
waves [16]. Seshardi, Toda, Hirota, and Suzuki have
performed pioneering studies of surface plasma waves
that were propagated transversely to an external mag-
netic field [17–21]. The surface plasma waves or simply,
the surface waves (SWs) are localized electron oscillation
modes that can be excited at the vacuum-plasma inter-
face by a laser field that irradiates a periodically mod-
ulated surface[14]. Using the dielectric constants of the
media, ǫ1 and ǫ2(ω) = 1−(ωp/ω)

2, the dispersion relation

of the SWs reads as: kSW (ω) = ω/c
√

ǫ1ǫ2/(ǫ1 + ǫ2) =

ω/c
√

(1− η)/(2− η). Here, η = (ωp/ω)
2 = ne/nc rep-

resents the plasma parameter, ωp =
√

nee2/meǫ is the
plasma frequency and nc = meǫ0ω

2
L/e

2 is the plasma
critical density, e, and me is the charge and rest mass
of an electron, respectively, ne is the number density of
electrons, c is the speed of light in vacuum, and ωL is the
laser frequency.
In the presence of a static magnetic field, Chauhan

et al. [22] considered the electron acceleration during
the resonant interaction of launched electron pulse with
surface plasma wave, and consequently, accelerates the
electrons at moderate relative intensity by SWs excited
with double-metal surface configuration. Varaki [23] had
studied the electron acceleration by an SW propagat-
ing through two parallel metal sheets. Earlier, electron
SWs in a metal bond plasma slab have been detected
and analyzed by Cooperbarg [24]. Recently, Zhu et. al.
[14] studied the process of high energy electron accelera-
tion onward the surface of the grating targets irradiated
by a relativistic, high-contrast laser pulse at an inten-
sity 2.5× 1020Wcm−2. The theoretical and experimental
studies of electron acceleration by the evanescent field of
the SWs, demonstrate that the SWs excitation has a di-
rect impact that leads to improved physical parameters;
such as enhanced flux and charge density of the electrons,
a higher electron maximum energy, and a higher absorp-
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tion efficiency [14, 16, 25–28]. Liu et. al. [29] had shown
that the amplitude of surface wave depends on the laser
incidence angle θi. At normal laser incidence, the SW
amplitude is smaller than that at θi = 45◦, and falls off
to zero at grazing incidence (θi = 90◦).
Here we investigate an ultra-intense laser pulse irradi-

ating parallel to the plasmas interface between aluminum
and hydrogen thin layer to generate an electron interface
wave (IW) which accelerates the protons with higher ki-
netic energy. Compared to the proton acceleration from
the rear side of the solid-target due to the incident laser
pulse, normal to the target (Direction-1 in Fig.1), prop-
agating parallel laser pulse towards the target interface
(Direction-2 in Fig.1) shows a promising hope in laser-
to-plasma conversion efficiency and beam characteristics
as well. Our investigation also extends to various laser
intensity.

FIG. 1: Schematic diagram of the solid aluminum target of density
2.7 gm/cc attached with a 100nm contaminant hydrogen layer. The
target slab is placed in such a manner (making an angle 45◦ with
the x-axis) that we may study the effect of the parallel and per-
pendicular laser pulse to the target without altering its orientation.
All over the manuscript, ‘Direction-1’ indicates the direction of the
laser pulse towards the perpendicular to the target at the opposite
side of the contaminant H-layer, whereas, ‘Direction-2’ indicates
the laser beam direction towards parallel to the rear interface of
the Al target at the junction.

II. SIMULATION PARAMETER

For numerical analysis, we have used a 2D3V (two-
dimensional in space and three-dimensional in velocity
Particle-in-cell (PIC) simulation code name OPIC 2.0,
which has been verified through particle acceleration
through laser-plasma interaction[30–35]. Fig.1 represents
the schematic diagram of the target in our simulations.
Here, a solid aluminum target inclined at 45◦ to the x-
axis. The reason behind the inclination is that it allows
us to observe the particle dynamics due to both perpen-

dicular (Direction-1) and parallel (Direction-2) incident
laser pulse without altering the target orientation in the
simulation box. In this case, the density of the Al target
is 2.7 gm/cc, which corresponds to 60nc having ioniza-
tion 3. The chosen thickness of the aluminum foil varies
1 − 6µm, and a length is 20µm. In addition to it, a 100
nm Hydrogen contaminant layers placed on the top side
of the Al layer. The considered density of the proton is
1nc.
The considered size of the simulation box is 60×60µm2

(x × y plan) with simulation mesh size of dx = 1/50µm
and dy = 1/50µm. Therefore, the box is divided uni-
formly into 3000× 3000 cells. Furthermore, 240 and 120
particles per cell has taken for Al and H layer, respec-
tively. A circularly-polarized 30 fs (FWHM) laser pulse
with a Gaussian profile interact with the target from
the left of the box. We have altered the initial position
of and propagation angle of the laser pulse to interact
with the target in perpendicular (Direction-1) and par-
allel (Direction-2) direction. The considered laser beam
poses a wavelength λ = 0.8µm and a spot 5µm (FWHM),
and the normalized amplitude of the laser pulse elec-
tric field is a0 = 8 that corresponds to laser intensity
8.8 × 1019Wcm−2. Nevertheless, for further investiga-
tion, it extends to a0 = 16 and a0 = 24 that corresponds
to 3.5× 1020Wcm−2 and 8× 1020Wcm−2, respectively.

III. RESULTS

The energy spectrum of the accelerated proton beam
is shown in Fig.2(a), while a 6µm Al-target irradiated by
an ultra-short laser pulse towards the perpendicular to
the target as denoted by ‘Direction-1’ in Fig.1 for vari-
ous time. The maximum proton energy εp varies from 2.6
MeV to 7.7 MeV for the time being 120 T to 280T. Here,
the protons are accelerated due to the plasma sheath
field generated at the rear side of the target. The tar-
get thickness and density restrict the electrons to acquire
sufficient energy to discharge from the target, results in
lower εp. In this case, the amount of reflected laser en-
ergy is higher than absorbed. It should mention here
that we have studied the εp spectrum for several target
thickness (1 − 6µm, not shown in the manuscript), yet
no significant change in energy observed. On the other
hand, similar experimental data have been found in ear-
lier investigations [36–38]. Neely et al. show that the
maximum detectable proton energy varies 0.6 MeV to 4
MeV for an aluminum foil thickness of 30µm to 0.1µm for
a laser intensity ∼ 1019Wcm−2[36]. Whereas, Liao et al.
reported that enhanced TNSA proton beams are success-
fully collected 4-9 MeV proton energy during the inter-
action of an ultra-intense (6× 1019Wcm−2) femtosecond
laser pulse with a 2.5µm aluminum target with a con-
taminated hydrogen layer at the rear surface [37]. Re-
cently, TNSA proton acceleration of 5 MeV to 9 MeV
were reported while 6µm Al foil exposed by an ultra-
intense (∼ 1020Wcm−2) laser pulse in their experimental
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work done by Ter-Avetisyan et al. [38]. A compara-
tive study of our simulation results with the experimen-
tal work strongly suggests that the PIC simulation code
OPIC 2.0 is able to provide a picture closer to the real
experiment investigations.
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FIG. 2: The energy spectrum of the generated proton beam due to
the interaction between plasmas and an ultra-intense laser pulse (a)
perpendicular to the Al surface at the (Direction-1) for various time
and (b) parallel to the interface of the Al-H junction (Direction-2)
at time 120 T for various laser intensities.
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FIG. 3: Spatial distribution of (a) laser amplitude (a0 = 8)
while interacting to the target at 70T and (b) corresponding self-
generated magnetic field (Bz), which causes (c) electron interface
structure. (d) A microscopic view of the white-bordered area in (c)
helps us to observe the electron Interface wave more clearly.

On the other hand, the scenario changes while the
laser beam is incident parallel to the target interface be-
tween the Al-foil and the contaminant Hydrogen layer
(Direction-2). In this case, a drastic increasing in proton
energy is observed, as can be seen in Fig.2(b). The max-
imum proton energy (εp) reaches to 50 MeV (22 times
higher) with a sharp cutoff at time 120 T. Moreover, the
energy spread is 3 MeV (FWHM) with peak energy at
48 MeV. Consequently, 83MeV and 116MeV peak energy
with 5 MeV and 7 MeV energy spreaded proton beams
are obtained for laser intensity 3.5 × 1020Wcm−2 (cor-
responds to a0 = 16) and 8 × 1020Wcm−2 (corresponds
to a0 = 24), respectively, at t = 120T . The correspond-
ing maximum εp with sharp cutoff is seen at 90 and 120
MeV, respectively, for these cases. On the other hand,
the maximum energy of the proton beam can reach only
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FIG. 4: Energy distribution of the protons due to a laser pulse with
intensity 8.8 × 1019Wcm−2 (corresponding to amplitude a0 = 8)
from (a) perpendicularly (Direction-1) laser pulse at 120 T; and
parallely (Direction-2) laser pulse at (b) 120 T, (c) 160 T, and (d)
200 T.

∼ 4 and ∼ 6 MeV, respectively, at the same time for
perpendicularly incident (Direction-1) laser pulse.
From the snapshot of the laser amplitude at 70T,

shown in Fig.3(a), one can realize that the scattering
takes place of reflection for the laser pulse when it hits to-
wards the high density target interface. The intense laser
pulse generates a Interface Electron Structure, which
leads to the change of the plasma density, so that leads
to an increase of absorbance of the laser pulse for the
electron acceleration[29]. Electrons gain energy from the
longitudinal electric field of the plasma wave and the
transverse electric fields of the laser pulse. It causes the
self-focusing of the laser beam and results in an stronger
electrostatic field. Electrons accelerated by propagating
laser pulse towards the channel produce current which
generates quasi-static azimuthal magnetic field [39]. The
generating magnetic field results in the appearance of
electron surface waves (SWs). Spatial distribution of the
self-generating magnetic field (Bz) illustrated in Fig.3(b).
At the same time, the electron surface wave can be ob-
served at the snapshot of the electron density distribu-
tion in Fig.3(c). Moreover, it witnessed more clearly in
the microscopic view of the small area in Fig.3(c), de-
noted by a white rectangle, shown in Fig.3(d). We can
mark precisely that the electron surface wave poses the
same wavelength of the laser pulse. Usually, the proper-
ties of the electron surface waves are hugely dependent
on the propagation direction [40]. Earlier, the possibil-
ity of the existence of magnetoplasma SWs propagated
along an external magnetic field (Faraday geometry) in
a plasma-metal structure has been indicated and con-
sequently pointed that waves of a surface type existed
in a cold electron plasma at frequencies ω > ω1 and
ω < min(ωe,Ωe), where, ω1 is the upper hybrid fre-
quency, ωe is the electron cyclotron frequency, and Ωe
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is the electron plasma frequency [41, 42].
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FIG. 5: Relativistic momentum of the accelerated protons at 120T
(a) conventional perpendicular incident laser pulse with amplitude
a0 = 8 and (b) parallel directed on the surface for the same laser
amplitude, wheres, the same diagrams are plotted for (c) a0 = 16
and (d) a0 = 24.

Escaped electrons from the target due to the SW re-
sults in a positive charge field around the upper sur-
face of the target. Therefore, a Coulomb’s force ac-
celerates the protons to the higher energy. The snap-
shots of the accelerating protons for parallel (Direction-
2) laser pulse at 120T, 160T, and 200T are illustrated
in Fig. 4 (b), (c), and (d), respectively, with their re-
spective kinetic energy in MeV. We may perceive that
the protons accelerate along normal to the target sur-
face though, the laser interacts towards the parallel to
it. Moreover, the accelerated protons gain energy from
50 MeV (at 120 T) to 90 MeV (at 200 T) within a short
time, 80T. These aspects refer to that protons are ac-
celerated by Coulomb’s force. Fig. 4 (a) also shows the
snapshot of TNSA dominant proton distribution in the
space-charge field due to the perpendicular (Direction-
1) laser pulse at 120T. For further perception, we have
plotted the proton distribution in terms of its momen-
tum in Fig.5. Here, Fig.5(a) and (b) reveal the variation
of momentum in the space-charge field at 120T when an
8.8 × 1019Wcm−2 intense (a0 = 8) laser pulse interacts
perpendicularly (Direction-1) and parallelly (Direction-
2) to the target, respectively. The momentum (P in
mec) varies from 0 to ∼ 0.04mec for the regular laser
incident direction. On the other hand, the protons are
accelerated with momentums of 0.05mec to 0.24mec for
our proposed case. These value become higher for the
higher intense laser pulses as can be observed in the fig-
ure (Fig.5(c) and (d) for I0 = 3.5×1020Wcm−2(a0 = 16)
and I0 = 8× 1020Wcm−2(a0 = 24), respectively).
On the other hand, the parallel laser beam onward the

interface provides another advantage. For a prolonged
analysis, it is found that there are no zero or low ener-
getic protons left behind the mainstream. One can ob-
serve more clearly from Fig.6, where the time evolution

of the energy of the proton beam is plotted. This figure
helps us to understand the variation of energy distribu-
tion with time. The bar diagram inside the main fig-
ure shows the minimum energy (εp(min)) of the protons,
which increases with time. From the Fig. 4 (a), we may
observe that, it is zero at 60T but starts increasing since
then, and reaches to 13 MeV at t = 260T whereas the
maximum energy (εp(max)) varies 8 MeV to 112 MeV for
a laser pulse with intensity 8.8 × 1019Wcm−2. Whereas
the minimum εp varies from 2 MeV to 102 MeV for a
laser pulse with intensity 8 × 1020Wcm−2 in Fig.6(b).
The energy spectrum of protons at time t = 240T for
different laser intensities is given in Fig.6(c).
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FIG. 6: The evolution of maximum and minimum (inside fig-
ure) proton energy (εp) with time due to the laser intensity (a)
I0 = 8.8 × 1019Wcm−2 corresponds to a0 = 8 and (b) I0 =
8×1020Wcm−2 (a0 = 24). This implies that all the protons are ac-
celerated with time being and no less energetic protons left behind
the mainstream (even it can be 102 MeV) as can also be observed
from the proton distribution in the space-charge field in Fig.4. (c)
Shows the energy spectrums of proton at t = 240 T for the interface
irradiated parallel by a laser pulse with amplitude a0 = 8, a0 = 16,
and a0 = 24 respectively. (d) is for the angle variation in either
direction from the exact parallel direction. Here, The green (blue)
line indicates the 5◦ variation towards the surface front (back) di-
rection.

Furthermore, we have also made some investigations
for varying the incident angle of the laser pulse (I0 =
8.8 × 1019Wcm−2) around ±5◦ from the parallel direc-
tion. It is found that the 5◦ shift along the target surface
results in higher minimum εp, though the maximum εp
remains the same. However, the 5◦ along the interface
back, i.e., −5◦ results in lower average kinetic energy with
εp(max) and εp(min), because of more reflection of laser
pulse. It should be noticed that −90◦ corresponding to
‘Direction-1’ case.
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IV. CONCLUSION

We have investigated the proton acceleration due to
the parallel incident laser pulse towards the interface be-
tween high density plasma and low density plasma. For
this purpose, we adopted the density of the aluminum
target with 2.7 gm/cc and 100 nm thick contaminant Hy-
drogen layer is chosen as a source of the protons. First
of all, we made a comparative study of our data yield
from our PIC simulation for a laser pulse incident to-
wards perpendicular (Direction-1) to the target at the
opposite surface of the contaminant Hydrogen layer, to
experimental data. The similarity of results from the
above two sources fortifies us to go ahead further.
A laser beam propagating parallel to the adjoining

interface produces an Interface Plasma Wave. Conse-
quently, the frequency of the IPWs identical to the inci-
dent laser pulse. The IPW pulled out a large number of
electrons from the target results in a positively charged
field. Therefore, protons are accelerated by the means of
Coulomb’s repulsive force to ∼ 20 times higher or even
more depending on the laser intensity. An ultra-intense
laser pulse irradiating parallel to the plasmas interface to
produce a larger amplitude surface plasma wave which

enhance markedly sheath electric field to accelerate effi-
ciently proton, and reduce reflection of laser pulse to im-
prove the couple efficiency. As results, the proton beam
has three advantages: (1) with higher peak energy, (2) A
sharp peak with ∼ 3 MeV energy spread and razor-sharp
cutoff, (3) no lower or zero energetic protons left behind
the mainstream, because of longer time acceleration.
Moreover, it shows the flexibility of incident angle of

the laser pulse on the target. 5◦ angle variation in both
sides also shows its efficiency in the almost same man-
ner with tiny changes in maximum and minimum proton
energy.
This is a high efficient, robust and easier realized

scheme to produce high quality proton beam, which is
desirable in applications such as laser-driven fast igni-
tion, cancer treatment, and proton photography etc.
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