High-quality GeV proton beam generation by triple-lasers plasma interaction
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A novel scheme of proton acceleration is investigated to enhance the proton beam quality using triple-laser
pulses double-layer target interaction via particle-in-cell simulations. In this scheme, three linearly polarized
Gaussian laser pulses are used to irradiate the target from different angles. The prime role of the identical
oblique laser pulses not only forms hot-electron bunches but also reduces the reflection of the succeeding
pulse by changing the pre-target electron distributions. The main pulse is then self-focused resulting in an
enhanced energy coupling from the laser to the plasma electrons. These high-energetic hot electrons induce a
much stronger electrostatic field towards the longitudinal direction. As a result, a high-quality proton beam
of ~1.2 GeV peak energy with immensely low energy spread ~ 4% and small divergence ~ 5° can be obtained

at intensities of 102 Wem ™2

I. INTRODUCTION

The study of laser-plasma interaction to optimize the
ion acceleration has received considerable attention over
the last few decades due to its extensive potential ap-
plications, including medical physics, fast ignition in in-
ertial confinement fusion, nuclear physics, proton radio-
graphy, isotope production, and for probing radiation-
induced processes in matter' ®. However, most of the
applications demand high energy ion beam as well as
high energy coupling from laser to ion than currently
attainable, and many require narrow beam spread and
beam divergence. For example, to treat cancer cells using
hadron therapy requires proton beams of about 200MeV
with energy spread < 2% in order to protect neighbor-
ing healthy tissues®. Usually, laser-driven ion beams are
in most cases broad besides few ions can reach the max-
imum energy, which limits their use in practical appli-
cations. Therefore, to enhance the ion beam quality in
order to make it feasible for such applications numer-
ous theoretical and experimental investigations have been
proposed, yet, to date, the attained ion beam energies
are not sufficient for some applications. Several mecha-
nisms, depending on the design of the laser-plasma inter-
action, have been reported to realize the laser-driven ion
acceleration, such as target normal sheath acceleration
(TNSA)™ 9, radiation pressure acceleration (RPA)0 12,
breakout after-burner (BOA)'3 shock acceleration®®,
Coulomb explosion?, etc.

Recently, divers attempts have been conducted to gen-
erate GeV proton beams using intense laser-plasma in-
teractions as presented in Table I. It is seen that a highly
intense laser pulse of intensity > 102?Wem ™2 is required
both for linearly and circularly polarized laser pulses. Al-
though the GeV ion beam can be produced using con-
ventional accelerators such as rf accelerators however the
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, which is one order lower compared with recently proposed some other schemes.

production cost is extremely high as well as needs large
space, for example, the cost and size of the Large Hadron
Collider (LHC) are about 7.5 billion euro and 27 km,
respectively. Therefore, the interest in the laser-driven
accelerator is driven by means of their compactness and
lower cost. Moreover, it can produce ion beams with a
higher charge, a smaller divergence, and with a very short
duration of the order of a few ps. The use of double-layer
targets in this field has charmed a lot of attention since
they can promote the laser absorption as well as to re-
duce the target deformation due to the shock wave hence
to improve the beam quality!'*12%16-18 In addition, the
multi-laser pulses scheme has been reported in some re-
cent studies'® 24 to gain additional control over the ion
beam properties. It has shown by experiments that the
maximum proton energy and the laser to proton energy
conversion efficiency can be significantly enhanced using
the multi-laser pulses scheme?! 23,

Laser Intensity (Wem™2) Energy (GeV)
Y. J. Gu et al. 2.13 x 10*2 1.00 (LP)
Y. J. Gu et al. 2.13 x 10% 1.67 (LP)
X. Zhang et al. 1.37 x 10?2 1.22 (CP)
W. Zhou et al. 3.95 x 10*2 1.30 (CP)
D. B. Zou et al. 2.74 x 10* 1.50 (CP)
Z. M. Zhang et al. 2.76 x 10*2 1.00 (CP)
Z. M. Zhang et al. 3.90 x 10*2 4.20 (CP)
Y. Xu et al. 5.50 x 10%2 1.31 (CP)
B. Qiao et al. 6.30 x 10*2 1.35 (CP)
M. Chen et al. 2.76 x 10*2 1.20 (CP)
Present scheme 2.26 x 10** 1.20 (LP)

TABLE 1. Several attempts to generate GeV proton bunch
from laser-plasma interactions with different laser and target
pa,lra,lrneters10712’25731 .

In this paper, we have proposed a novel triple-laser
pulses (TLP) double-layer target interaction scheme to
enhance the proton beam energy up to GeV with sig-
nificantly low energy spread using one order lower in-
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tense laser pulse as compared with the recently proposed
some other schemes those mentioned in table I. The
present scheme is quite different from those reported in
Refs.!® 24, They have considered either normal or oblique
irradiation of the target while the mixed irradiation is
considered here to gain additional control over the pro-
ton beam qualities.

Il. LASER AND TARGET PARAMETERS

Two-dimensional particle-in-cell (PIC) simulation code
Opic2.0'11819 §5 ysed to investigate the proposed
scheme. A double-layer target is considered which con-
sists of a highly dense (n. = 24n.) thick carbon layer
(CL) pre-target and a critically dense (n. = 1n.) thin
hydrogen layer (HL) rear-target, where n. = m.w?/4me?
is the critical density with e, m., and w being the electron
charge, electron mass, and laser frequency, respectively.
The rest mass of carbon ions is set to m. = 12m,,, where
my, = 1836m, is the proton mass. The role of the CL is to
protect the target from the unusual deformation caused
by the shock wave generated due to intense laser pulse
and supplies sufficient electrons for acceleration. Three
linearly p-polarized Gaussian laser pulses (a1, as and ag)
of each having wavelength A = 1um, waist Wy = 5\, and
pulse duration 7 = 407 with T' = 3.3 fs being the laser
period, are used to irradiate the target from the left side
of the simulation box. The electric field of the laser light
(for each pulse) is'?

_ (t—279)?

_ w=wo)?
Ey(x,y,t):ao Wo /W (z)e ?’sz(om)e 272
where () = Wo/T+ (@/z)? and 7 — 7/1.665.

The corresponding normalized laser amplitudes are a; =
as = 5 (Il = I, = 34 x 1019 Wcm’Q) and az = 40
(I3 = 2.2 x 10*! Wem™2). At first, two identical lower
intense laser pulses (a; and ay) strike the pre-target
obliquely at the same time. The optimal angle between
a1 and ag is 260 with 8 = £30°, with respect to the z-axis,
and is consistent with that reported in Ref.'®. After 80T,
a highly intense main laser pulse (a3) is launched nor-
mally to the previously irradiated target. The distance
of a; and as from the center of az at the starting point
is do/2 with dyp = 29.4\. The other optimum parame-
ters are D = 10\, di = 5\, do = 0.05\, and d3 = 60,
where the symbols represent their usual meanings. In or-
der to observe the long-distance propagation of the main
pulse, a moving window with 6000 (x) x 750 (y) cells is
used to reduce the computational loads. The number of
macro-particles per cell for the CL and HL are 20 and
10, respectively.

To demonstrate the effectiveness as well as to increase
the reliability of the proposed TLP scheme, two other
cases are also considered using the identical laser and
target parameters, in the simulations as follows:

ei(kxfwt)

e Double-laser pulses (DLP): Two consecutive
p-polarized laser pulses are used to irradiate the

target normally. The time interval between these
two pulses is 40T. The normalized amplitudes are
ay = a1 + as and aby = as for the first and second
pulses, respectively.

e Single-laser pulse (SLP): A single p-polarized
laser pulse is used to irradiate the target normally.

N
The normalized amplitude is a = > a,, where N
n=1
is number of pulses used in the TLP scheme.

N
The corresponding laser energy Er = Y. Ignr2a2t,,
n=1

where r = W0/2\/m and Iy = 1.37 x 10'¥Wem ™2, are
127.8J, 87J, and 84.4J for the SLP, DLP, and TLP cases,
respectively. The sketches of theses three cases are de-
picted in Fig. 1.

FIG. 1. (a) Schematic of the triple-laser pulses (TLP) scheme.
Three laser pulses are launched from the left side of the simu-
lation box. The corresponding amplitudes are defind as a1, az,
and asz, where a1 = a2 < as. The incidence angles for these
three pulses are +30°, —30°, and 0°, respectively, with re-
spective to the x axis. The symbols doy, D, d1, d2, and d3 rep-
resent the usual meanings as depicted on the Fig. 1(a). The
schematics of (b) double-laser pulses (DLP) and (c) single-
laser pulse (SLP) cases.

11l. ROBUSTNESS OF PROTON BEAM DUE TO TLP

The benefits of employing the lower intense oblique
laser pulses in laser-driven proton acceleration are shown
in Fig. 2. In this paper, the green, red, and blue lines rep-
resent the SLP, DLP, and TLP cases, respectively, other-
wise will be mentioned in the text. Figure 2(a) shows the
time-integrated energy spectra of protons of the above
mentioned three cases at 350T. One can see that the
proposed TLP scheme significantly enhances the proton
beam energy as well as the number of high-energetic pro-
tons. The PIC simulations results have demonstrated
that a monoenergetic proton beam of ~1.2 GeV peak
energy can be achieved using one order of lower intense
laser pulse than that reported in Table I. Furthermore,
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FIG. 2. (a) The energy spectra, (b) temporal evolution of

the peak energy, (c) temporal evolution of the energy spread,
and (d) the angular energy spectra of the accelerated protons
obtained from the above mentioned (see Fig. 1) three cases.
Note that a much better quality high energy proton beam can
be achieved for the TLP case as compared with the other two
cases.

it is also shown that the peak energy is about 3.6 and
2.5 times higher, i.e., an increase of more than 250%
and 150% as compared with the SLP and DLP cases,
respectively. Figure 2(b) shows that the enhancement of
the proton beam peak energy with time is very rapid for
the TLP case. This indicates the stable and longer time
propagation of the proton beam. This is expected since
the main pulse becomes much more effective at later time
due to the longer time delay. In contrast, the peak en-
ergy remains unchanged for the SLP case while slightly
increases for the DLP case. It is important to note that
the energy spread characterized by AE/E,, where E,
and AFE are the peak and full width at half maximum
(FWHM) proton energies, respectively, decreases speed-
ily with time for the TLP case while slightly decreases
for the other cases as shown in Fig. 2(c). In fact, the
obtained lowest energy spreads are 29% (SLP), 13.3%
(DLP), and 4% (TLP), revealing an improved quality
proton beam for the TLP case. Figure 2(d) shows the
angular spectra of the proton beam. This figure indi-
cates that the beam divergence is also significantly re-
duced and a single-peaked, near the zero angle, angular
spectrum of ~ 5° angular spread at FWHM is found for
the TLP case while for the other two cases multiple peaks
with relatively larger angular spreads are observed. The
lower divergence angle, corresponding to the TLP case,
means that the beam transverse divergence is greatly sup-
pressed and the generated proton beam is mainly accel-
erated in the longitudinal direction, which predicts the
good beam collimation. Whereas for other cases, the ac-
celerated protons are diverged in the transverse direction
due to the widely distributed hot-electron clouds. From
this above results, it is seen that the TLP can produce a

much better quality proton beam by means of lower laser
energy as compared with the other two cases. These re-
sults have suggested that the TLP scheme could be an
alternative choice than the high-energy laser pulses that
are not readily available by the current state-of-the-art
laser technology, and one can control beam quality effi-
ciently. Up to this, the obtained findings are presented.
In the following section, the main reasons behind these
findings will be discussed.
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FIG. 3. (a) The pre-target electron distribution at 80T. It
is seen that pre-target is fully ionized by the oblique laser-
pulses before the arrival of the main pulse hence forming a
microstructured target that contains two electron bunches.
(b) The laser envelope E, along the laser propagation axis at
160T for the TLP case. Note that the main laser pulse is self-
focused towards the central axis. (c) The energy spectra of
hot electrons at 160T. Only the forward-directed hot electrons
(50 MeV -250 MeV) are considered. The transverse (d) and
longitudinal (e) electric field plots at 160T.
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FIG. 4. Distribution of protons in phase space (x — p5) at dif-
ferent moments for (a) TLP case, (b) DLP case, and (d) SLP
case, where p, is the longitudinal proton momentum normal-
ized by mec. The black, cyan, and magenta lines correspond
to the moment at 160T, 250T, and 300T, respectively.
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FIG. 5. Temporal evolution of the proton density distributions for the TLP case. Times are indicated on each figure. Note
that the double peaked proton layer is merged into a highly dense single peaked at 2007T.

IV. REASONS FOR PROTON BEAM ROBUSTNESS

We now consider the dynamics of the pre-target elec-
trons which are very crucial for laser-driven ion accelera-
tion. First of all, the pre-target is ionized by the oblique
laser pulses hence turns into a microstructured target
with near wavelength before the arrival of the main pulse
as shown in Fig. 3(a), which represents the pre-target
electron distributions at 80T. Several recent studies have
been reported that the structured target drastically en-
hances the absorption of the incident laser beam con-
sequently leads to an increase in the maximum proton
beam energy®%33. Meanwhile, two hot-electron bunches
are also produced by the oblique pulses due to vacuum
heating®* which propagates diagonally to the main laser
axis. As time goes on, they merge into a highly dense sin-
gle bunch??* therefore form a weak sheath field at the rear
side of the target. At this stage, the proton acceleration
is tiny and is driven due to TNSA. It is also important
to note that the target deformation at this time is very
weak. The weakly deformed microstructured pre-target
as well as the cone guiding effect provided by the diago-
nally propagating hot electrons bunches not only reduce
the reflection3® but also enhance the focusing of the suc-
ceeding laser pulse as shown in Fig. 3(b), which depicts
the laser envelope F, along the laser propagation axis at
160T. One can see that the intensity of the self-focused
laser pulse is about four times higher than the main laser
pulse, i.e. Iy = 4[5 as shown in Fig. 3(d). The energy
loss during the laser-plasma interaction is compensated
by the energy concentration due to the laser self-focusing.
The highly intense focused laser light can trap the pre-
accelerated hot-electron bunch and accelerates them in
the forward direction through direct laser acceleration
by the intense radiation pressure similar to the so-called
snowplow consequently boosts the energy coupling from
the laser to the target electrons. It is worth noting that
much of the laser pulses also remain near the target sur-
face which suggests the longer time laser-plasma inter-
action. As a result, a significant amount of higher en-
ergetic hot electron is generated which prolongs the ac-
celerating field. Figure 3(c) shows the time-integrated
energy spectra of the hot electrons (50-250 MeV) gener-
ated at the rear-side of the target at 160T. It is shown
that the energy spectra demonstrate an exponential de-

pendence of dN/dE o exp(—FE/T}p), where E and Tj
represent the hot electron energy and temperature, re-
spectively, for all cases. Using Maxwellian fitting, the
hot-electron temperature is found to 41.5 MeV for the
TLP case, which is about 2.5 (3.4) times higher than
the DLP (SLP) case. The hot electron temperature is
also higher than the widely used ponderomotive scaling,
T, = [(1 + a?/2)"/? — 1]Jm.c?> = 13.65 MeV. In addi-
tion, the number of higher energetic hot electrons is also
larger as compared with other cases. Therefore, these
larger number of high-temperature hot electrons will re-
sult in the enhancement of the accelerating sheath field
according to Fs o« v/npT}y, where nj is the number of
hot electrons and T}, is the temperature of the hot elec-
trons, in the target rear surface and is consistent with
the results shown in Fig. 3(e), which presents the self-
generated longitudinal electric field F, at 160T. At this
time, the amplitude of E, is much higher for the TLP
case than the other two cases. This strong sheath field
induces an enhanced TNSA, which not only suppresses
the proton beam divergence but also increases the max-
imum proton beam energy. Figure 4 shows the distribu-
tion of protons in phase space x — p, at different times
for (a) TLP, (b) DLP, and (c) SLP cases. One can see
that the longitudinal momentum of the proton is about
1.5 times higher than the other cases, which supports the
enhancement of the sheath field as well as predicts the
longer time laser-plasma interaction as discussed above.
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FIG. 6. The transverse electric field eE,/mcwrc (blue line)
along with proton density distributions (red line) at 300T
for the TLP case. Note that the proton layer co-moves with
the laser pulse suggesting the existence of the laser breakout
afterburner regime of proton acceleration. For a better view,
we multiplied the F, by 1/2.



Now we will illustrate the proton acceleration in detail.
Figure 5 shows the temporal evolution of the proton dis-
tribution for the TLP case. In the early stage, the pro-
tons are mainly accelerated due to TNSA and the accel-
erating proton layer contains two density humps that are
generated due to the above-mentioned electron bunches
created by the oblique pulses. These high energetic den-
sity humps converge to form a single highly dense pro-
ton bunch as time goes on, as shown in the snapshot at
200T. Afterward, the merged highly dense proton layer
rapidly co-propagates with the laser pulse in the forward
direction, as shown in Fig. 6. As a result, the protons
can be accelerated to very high energy with a relatively
larger number of accelerated protons due to BOA. Inten-
sive explanations about the BOA stage acceleration can
be found in Refs.'?14,

However, the proton acceleration process is quite dif-
ferent for other cases. The unusual target deformation
is much higher for both cases due to the strong shock
generated by the intense radiation pressure. As a result,
such a structured target and the cone guiding effects were
not noticed. Moreover, the self-focusing of the laser light
could not found instead, the laser pulse completely scat-
tered by the target. Although a strong sheath field was
formed in the early stage, however, due to the transverse
instability it rapidly decreased which reduced accelera-
tion efficiency for these cases.

V. INFLUENCES OF PULSES INTENSITIES

The present investigation shows the effectiveness of
employing the TLP scheme over that of the other
schemes. Therefore, it is important to see how differ-
ent laser pulses influence the proton acceleration. To do
that, we have performed a series of simulations both for
the oblique and normal pulses separately. The simulation
parameters are the same as used before except:

e Oblique Pulses: a; and as (a; = as) are varied
from 3 to 21 for az = 30 (black line), 40 (magenta
line), and 50 (cyan line) as shown in Fig. 6(a).

e Main Pulse: ag is varied from 10 to 90 for a; =
az =5 (black line), 10 (magenta line), and 15 (cyan
line) as shown in Fig. 6(b).

It is seen that proton acceleration strongly depends on
a1 and ag. The peak energy reaches the maximum when
a1 and ag are smaller and gradually decreases with the
increases in the values of a1 and as for all cases of as.
Although, this decrements is rapid when a3 = 50, how-
ever, the peak energy remains always higher. It can be
explained by the fact that the target deforms rapidly
due to the shock waves generated by the higher intensity
oblique laser pulses, resulting in the higher transverse
heating of electrons. The subsequent Rayleigh-Taylor in-
stabilities then destroy the target. The main pulse then
easily passes the target and no such merged proton layer
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FIG. 7. Dependence of the proton peak energy: (a) on the
oblique pulses (a1 = a2) for as = 30 (black line), 40 (magenta
line), and 50 (cyan line), and (b) on the main pulse (as) for
a1 = a2 = 5 (black line), 10 (magenta line), and 15 (cyan
line). The other parameters are the same as used in Fig. 1.

is found here. On the other hand, the peak energy in-
creases with as until 40 after that, it becomes almost
constant. The reason is that for higher asz much of the
laser pulse passes the target so that acceleration due to
BOA is not possible.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, we have investigated the triple-laser
pulses scheme to improve the proton beam quality with
the help of particle-in-cell simulation. It has been shown
that the proposed scheme not only enhance the proton
beam energy but also decrease the beam energy spread
and the beam divergence over that of the other schemes.
The 2D PIC simulation results have shown that a high-
quality proton beam of ~1.2 GeV peak energy can be
obtained using one order lower intense laser than that
reported in table I. It has also been shown that the pro-
ton peak energy could be enhanced by about ~ 250% and
~ 150% while energy spread degraded by about ~ 86%
and ~ 70% as compared with the SLP and DLP cases, re-
spectively. It worth mention here that to generate a pro-
ton beam of GeV energy via SLP scheme we need a much
higher intense laser pulse, i.e., a > 100, however, the
obtained proton beam does not remain mono-energetic.
The high energy proton beams with such reduced en-
ergy spread are desirable in practical applications such
as laser-driven fast ignition and cancer treatment. The
acceleration is driven due to the combination of several
acceleration mechanisms. The main advantage of em-
ploying two oblique laser pulses is to form a microstruc-
tured target hence enhances the laser energy absorption.
They also produce two separate hot electrons bunches
that are merged into a small highly dense single bunch.
The high intense self-focused main pulse then pushes the
merged hot electrons bunch in the forward direction due
to the enhanced radiation pressure. Therefore, this rela-
tivistic moving electron clouds drag the proton layer as
a whole. As a result, the proton beam co-moves with the
laser pulse henceforth can accelerate to very high energy
due to the BOA. The influences of the individual laser



pulses on the proton acceleration have also been consid-
ered. It is found that the lower intense oblique pulses
produce efficient proton acceleration while the accelera-
tion is almost the same for az = 40 — 90. We hope that
the proposed scheme could be helpful to produce high-
quality high-energetic proton beam using low-intensity
laser pulses and might be an effective alternative for high-
intensity laser pulses that are not currently attainable by
the state-of-the-art laser technology.
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