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An approach for accelerating a quasimonoenergetic proton bunch via a hemispherically converging
collisionless shock created in laser-cluster interactions at the relativistically induced transparency (RIT)
regime is studied using three-dimensional particle-in-cell simulations. By the action of focusing a petawatt
class laser pulse onto a micron-size spherical hydrogen cluster, a crescent-shaped collisionless shock is
launched at the laser-irradiated hemisphere and propagates inward. The shock converges at the sphere
center in concurrence with the onset of the RIT, thereby allowing the proton bunch to be pushed out from
the shock surface in the laser propagation direction. The proton bunch experiences further acceleration both
inside and outside of the cluster to finally exhibit a quasimonoenergetic spectral peak around 300 MeV
while maintaining a narrow energy spread (~10%) and a small half-divergence angle (~5°) via the effect of
the RIT. This mechanism works for finite ranges of parameters with threshold values concerning the laser
peak intensity and the cluster radius, resulting from the synchronization of the multiple processes in a self-
consistent manner. The present scheme utilizing the internal and external degrees of freedom ascribed to the
spherical cluster leads to the proton bunch alternative to the plain target, which allows the operation with a

high repetition rate and impurity free.
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Laser plasma ion acceleration is characterized by its
large accelerating field gradient and has been extensively
studied over the past decade [1,2]. This is because resultant
ion beams have unique properties, such as ultrashort
duration, high brilliance, and low emittance, that explore
a broad range of applications, including proton radiography
[3], hadron therapy [4,5], nuclear science [6,7], fast ignition
[8,9], isochoric heating of matter [10], and radiation-
induced processes in matter [11].

The recent advancements in both laser and target
fabrication techniques have led to the enhancement of
the accelerated proton cutoff energies close to 100 MeV
[12—14]. However, the energy spectra show a wide spread,
which reduces the effective beam current to be utilized.
In addition, lower angular divergence of accelerated ions
and also higher repetition rates, which are technological
issues using solid thin film targets, are requested for the
wider use of this scheme.

Several schemes have so far been proposed to explain
experimental results and to explore further efficient accel-
eration. The target normal sheath acceleration [15] is a
well-known mechanism. However, the scheme generally
exhibits broad exponential energy spectra with wide
angular divergence. Considerable efforts have been made
to obtain a narrow energy spectrum via the engineering of
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target structures [16,17], the development of the isolated
sphere target [18,19], and the exploration of advanced
acceleration mechanisms including the radiation pressure
acceleration [20-25], the breakout afterburner [26], and the
collisionless shock acceleration (CSA) [27-34]. In most of
these cases, however, the results are either preliminary or
require further confirmation. In order to widen the pos-
sibility for high energy proton acceleration which simulta-
neously satisfies the requirements mentioned above, here,
we consider a different approach using micron-size spheri-
cal hydrogen clusters, alternative to that using solid thin
film targets.

The interaction of cluster targets, composed of nano-
micrometer-size clusters and ambient gas, with intense
laser pulses has been actively researched for over 20 years
[35,36] because the cluster targets allow very efficient
coupling with laser pulses compared with solid targets
[37-39] even in the radiation dominant regime [40]. The
pioneering experimental works in the 1990s of generating
bright x rays [41] and MeV-class multiply charged ions
[42] from Coulomb exploding high-Z clusters and fusion
neutrons from Coulomb exploding deuterium clusters [43]
have attracted wide attention. These are attributed to
collective electron dynamics in individual clusters. On
the other hand, the cluster targets act as efficient nonlinear
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2D images of (a) electron and (b1)—(b3) ion density distributions for Ry, = 0.8 um in the x-y plane at z = 0 at different times.

The densities are shown as an averaged value over z = 0 & 0.16 ym and are normalized by the initial density of the cluster ions or
electrons n. The intensities of the laser electric fields E2 along the y axis are shown in red lines.

media for the self-focusing of an incident laser pulse [44],
leading to the formation of a self-guided plasma channel
[45] and a plasma filament [46], which are closely
connected with the recent remarkable studies including
enhanced soft x-ray generation [47] and multi-MeV ion
acceleration [48], high-charge sub-GeV electron acceler-
ation [49], bright keV betatron x rays [50], MeV-energy
neutral atoms [51], and nonlocal electron transport in
radiative blast wave [52].

In this Letter, we present a new scheme which applies
such prominent characteristics of cluster targets for achiev-
ing quasimonoenergetic proton bunch acceleration with a
low angular divergence by utilizing the internal degree of
freedom (d.o.f.). In this scheme, the collisionless shock
dynamics inside the micron-size cluster subsequently
coupled with relativistically induced transparency (RIT)
[26,53,54] effect of high-intensity laser plays an important
role. The external d.o.f. associated with the cluster expan-
sion due to the sheath field is also incorporated. These
multiple processes can be synchronized in a self-consistent
manner once conditions for the laser and cluster are
satisfied, leading to the quasimonoenergetic proton bunch
acceleration.

Simulations are performed using a three-dimensional
version of the particle-based integrated code EPIC3D [55].
The system size is L, x Ly, x L, =10.24 x 20.48 x
10.24 ym containing 128 x 256 x 128 cells. A cell size
of 80 nm is employed to resolve the shock (~0.40 ym) and
associated electric field structures. A spherical hydrogen
cluster is placed at the center of the box (x, y,z) = (0,0,0),
which consists of ~10' hydrogen molecules with the
radius of Ry = 0.8 ym and the electron density of n, =
4.6 x 1022 cm™ = 26.8n,. Here, n, denotes the critical
density of the plasma for the laser wavelength 1 =
0.81 yum. Ambient hydrogen gas with n, = 4.0 x
10" ¢cm™ = 0.024n,. occupies the simulation box. The
cluster is reproduced by particle-in-cell (PIC) particles
using 6,730 per cell and a fully ionized plasma is assumed
as the initial condition. A linearly polarized laser pulse in the
x direction, with duration of 7 = 33 fs (FWHM) is chosen,
is generated from an antenna located at y = —4.96 ym

(x = z = 0) and propagates in the +y direction. The peak
intensity of the laser pulse is set to / = 1.0 x 10> W/cm?
(the normalized amplitude a, = 69). Here, the laser energy
irradiated to the cross section of the cluster for Ry = 0.8 ym
is approximately 6.3 J. The periodic boundary condition is
employed in the x and z directions, while the transparent
boundary condition is employed in the y direction for the
fields and particles. These parameters are employed based on
the production of micron-size hydrogen clusters [56,57] and
the achievement of 10*> W/cm? focused laser intensity
[58,59]. In the following, we present the simulation results
and explain the mechanisms [four phases labeled (A)-(D)].

Figure 1 shows the two-dimensional images of electron
and ion density distributions for Ry = 0.8 um. When a
leading edge of the laser pulse reaches the spherical cluster
at t =40.2 fs, the laser field expels electrons from the
peripheral region of the cluster, which corresponds to the
initial electron skin depth 6, = 25 nm, whereas most
electrons remain inside the cluster core [Fig. 1(a)]. Here,
0. includes the relativistic effect. The peripheral region of
the cluster (Ry —J, < r < Ry) is positively charged and
undergoes the anisotropic Coulomb explosion on a femto-
second-picosecond timescale due to the anisotropic density
distribution of electrons [Fig. 1(a)] resulting from the
strong magnetic field of laser (~900 kT), whereas the cluster
core expands on a hydrodynamic timescale (picosecond-
nanosecond).

Shock initiation and propagation (A)—As the laser
intensity increases, a charge separation is induced at the
surface of the laser-irradiated hemisphere via the action of
the laser ponderomotive force f, on the remaining core
electrons, and then a crescent-shaped collisionless shock is
launched [Fig. 1(b1)]. The shock propagates inward while
maintaining the crescent shape [Fig. 1(b2)] and converges
at the sphere center at = 56.3 fs. Notably, the pulse peak
also reaches the cluster center at this time [Fig. 1(b3)].
Here, the shock Mach number is calculated as My, = 1.3
using the shock velocity vy, = 0.20c and the ion-acoustic
velocity ¢, = 0.15¢.

Collisionless shock acceleration (B).—Figure 2 shows
the temporal evolution for the electron and ion densities
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FIG. 2. Temporal evolution for the electron density (blue
squares), the ion density (black circles), and the electric field
E, (red diamonds) inside the shock along the y axis at x = z = 0.
The densities are normalized by n,. The time region when the
CSA occurs is colored green. The arrow indicates the time when
the quasimonoenergetic proton bunch is pushed out via the RIT
effect.

inside the shock, and for the electric field E, associated with
the shock. During the propagation of the shock, both the
electron and ion densities inside the shock gradually increase
because of the accumulation of the charged particles by the
converging effect. Notably, after = 50.9 fs, the ion density
inside the shock sharply increases and largely exceeds the
electron density. Generally, when the shock potential
becomes larger than the kinetic energy of upstream ions
in the shock-rest frame, a so-called CSA process starts.
The shock front can produce quasimonoenergetic ions by
reflecting upstream ions to double the shock velocity [27].
Indeed, at r =509 fs, the shock potential (10 MeV)

becomes larger than the kinetic energy of upstream protons
(6.7 MeV) in the shock-rest frame, thereby enabling the
CSA of upstream protons. The reflected upstream protons
have the maximum velocity of vj,, = 204, — vey, = 0.27¢,
corresponding to 33 MeV [Fig. 3(b1)]. Here, v, is the
velocity of the upstream expanding protons preaccelerated
by the front part of the shock potential.

RIT onset and acceleration (C).—At t = 56.3 fs, the
pulse peak and the shock front reach the cluster center at
the same time. After this moment, the effect of a so-called
RIT [26,53,54] becomes dominant: The laser fields start to
penetrate into the shock structure because o, becomes
comparable to the thickness of the shock due to the
relativistic effect, whereas the peak electron density inside
the shock remains larger than a relativistic critical density

ven. [Fig. 3(c)]. Here, y, is defined as y, = \/1 + a3/2
for a linearly polarized laser pulse. As a result, a number of
electrons inside the shock are rapidly heated and expelled
in the longitudinal direction via f r Therefore, the electric
field associated with the shock reaches a maximum and
quickly decreases as shown in Fig. 2. Indeed, vy, tempo-
rarily increases from 0.20c (f =56.3 fs) up to 0.4lc
(t =57.6 fs) and then recovers to 0.20c (r = 58.9 fs).
During this process, quasimonoenergetic protons are
pushed out from the shock surface as a bunch, which is
highly localized in both longitudinal and transverse direc-
tions [Fig. 3(b2)]. Figure 3(d) shows the phase space
distribution of cluster ions at t = 58.9 fs. The released
bunch located at y = 0.9 ym has the maximum velocity
of v, = 0.42¢, corresponding to 95 MeV.
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FIG. 3. (al)—(a3),(c) One-dimensional cross-sectional views for the charge density distributions of the cluster ions (black lines) and

cluster electrons (blue lines) and the intensities of the laser electric fields E2 (red lines) along the y axis at x = z = 0 at different times.
(b1)—(b3) 2D images of the kinetic energy distributions of cluster ions in the x-y plane at z = 0 at different times. The ion energies are
shown as a value which is averaged in each cell and over z = 0 & 0.16 um. The electric fields E, are also shown as red lines. (d) The
phase space distribution of the cluster ions along the y axis at x = z = 0 at t = 58.9 fs. The densities in (al)—(a3), (c), and (d) are
normalized by nj. Rectangular broken lines in (al)—(a3) and (c) represent ny. The vertical broken lines in (al)—(a3) and (b1)—(b3)

represent the location of the quasimonoenergetic proton bunch.

014804-3



PHYSICAL REVIEW LETTERS 122, 014804 (2019)

(a) 5,2 (um) t=106.7 fs (C) 20- t=136.7 fs 10
1/0g 8
MeV 157 .
150 <
S °2
1004 || ] e
X 10 X
50 43
o ]
¥ (um) 2
5 H
X (um ] 0 0
(km) i 0 05 1 15 2
1(x 102 W/cm?)
b d
( )10‘ Ry=08um  t=136.71fs ( )RD =10pm t=136.7fs
= 1% 102" W/ecm? == 1 x 102! W/cm?
— 2 x 102! W/cm? 2 x 102! Wicm?
>10° — 5% 102 w/cm? b — 5% 10! W/em?
2 — 1x102W/cm? — 1% 102 Wjem?
B 408 —1.5x 102W/cm? i — 2% 102 W/cm?
8 — 2% 102W/em?
i 107 -
ué 108 u
z
hel
105 T T T T v T
0 100 200 300 400 500 0 100 200 300 400 500
lon Energy (MeV) lon Energy (MeV)
FIG. 4. (a)3D image of the kinetic energy distribution of cluster

ions at t = 106.7 fs. The quasimonoenergetic proton bunch (red)
is flying out from the cluster. (b),(d) Proton energy spectra for
clusters with (b) Ry = 0.8 ym and (d) Ry = 1.0 ym for various
laser peak intensities at t = 136.7 fs. The spectrum for the cluster
with Ry = 0.6 pym at t = 136.7 fs is also shown as red dotted line
in (b). The proton number is evaluated using a real value by
multiplying the particle weight to the PIC particle. (c) The
monochromaticity 1/6; (black square) and the current /. (red
diamond) for the bunch within op.

Another important role of the RIT is its ability to enhance
the monochromaticity of the bunch, which we define as
1/op (o = 6E/E, energy spread), because the pushed-out
protons having a higher velocity chase the leading protons,
thereby causing the compression of the bunch. As will be
discussed later, without the RIT effect, the monochroma-
ticity becomes worse.

After the onset of the RIT, as shown in Fig. 3(c), the
electron density inside the shock decreases drastically. The
shock structure collapses and the intensity of E, rapidly
decreases with time (Fig. 2), leading to the end of the CSA
at t = 60.3 fs. At this moment, the bunch is accelerated up
to 0.45c¢, corresponding to 108 MeV. After the CSA, as
shown in Fig. 3(b3), the bunch is further accelerated by the
remnant electric field of the shock inside the cluster. Over
time, at t+ = 75.8 fs, the bunch reaches the cluster explod-
ing front with v;,, = 0.60c, corresponding to 211 MeV.
At this moment, the velocity of the cluster exploding front
in the +y direction is 0.40c; thus, the bunch flies out from
the cluster with 4.3° half-divergence angle [Fig. 4(a)].

Sheath acceleration (D).—After leaving the cluster, the
bunch is again further accelerated by the sheath electric
field created by the Coulomb explosion of the cluster. At
this acceleration stage, the maximum attainable energy of
the bunch can be estimated as K,,,, = 300 MeV, using the
relation K, = Ko + [ eE(r) dr, where Ky = 211 MeV

is the kinetic energy of the bunch at the cluster exploding
front, ry is the distance of the cluster exploding front from
the cluster center, and E(r) « 1/7? is the electric field of
the Coulomb explosion outside of the cluster as a function
of the distance r from the cluster center. In this study, the
simulation has been performed up to t = 136.7 fs and the
maximum kinetic energy of the bunch has a quasimonoe-
nergetic peak at 290 MeV, which is close to the estimated
maximum attainable kinetic energy, with an energy spread
of o = 6E/E ~ 7% [red solid line in Fig. 4(b)]. Here, E is
evaluated at the peak energy of the quasimonoenergetic
component in the energy spectrum. The conversion effi-
ciency of the irradiated laser energy into kinetic energy of
protons is approximately 8.3% and that into kinetic energy
of quasimonoenergetic protons is approximately 0.042%.
Notably, the bunch energy 290 MeV is much larger than the
maximum proton energy 170 MeV accelerated by the
Coulomb explosion of the hydrogen cluster [red solid line
in Fig. 4(b)].

The effect of the laser peak intensity / on the quasimo-
noenergetic proton bunch formation for Ry = 0.8 ym is
investigated in the range of 1.0 x 10?!' t02.0 x 10?> W/cm?,
which is shown in Fig. 4(b). The bunch (energy spread
o ~ 10%)is found to be formed for I > 2.0 x 10?! W/cm?.
This indicates that the threshold value concerning the laser
peak intensity exists for the multiple processes (A)—~(D) to be
synchronized, leading to the bunch formation. The threshold
value roughly coincides with that causing the RIT, which is
the driving force to compress the bunch at the shock surface.
The energy [Fig. 4(b)] and the current /.. [Fig. 4(c)] for the
bunch within o increase with /. Notably, the bunch size
increases with the current /.. due to the space-charge effect.
The monochromaticity 1/o also increases with /, reaching
the maximum value around I = (1.0-1.5) x 1022 W/cm?,
while it decreases for further increase with 1. These results
show that the optimum laser peak intensity exists for the
formation of the bunch with the maximum monochromatic-
ity and current density.

The effect of the initial cluster radius is investigated by
choosing Ry = 1.0 ym in Fig. 4(d). The general tendency
is similar to that for Ry = 0.8 um, indicating that the
same acceleration mechanism is effective for 7 > 2.0 x
10! W/cm?. However, the monochromaticity becomes
worse (og ~ 30%—40%). This is because the RIT occurs
before the shock convergence at the cluster center, so that a
slope of the electric field associated with the shock is less
steep. Alternatively, in the smaller cluster case of Ry =
0.6 um, for I =1.0x 10> W/cm?, the bunch is not
formed and the energy spectrum shows only the feature
of the Coulomb explosion, i.e., the cutoff structure at
117 MeV [red dotted line in Fig. 4(b)]. This is because the
height of the shock potential does not reach enough value to
reflect upstream protons due to the limited mass of the
cluster when the RIT occurs. As a result, the shock structure
collapses before the onset of the CSA. This indicates that
the threshold value concerning the cluster radius also exists.
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The effect of the cluster electron density is also inves-
tigated while keeping 7 = 1.0 x 10*2 W/cm?. For the
case of a carbon cluster with Ry = 0.8 ym and n, =
2.8 x 10?* cm™3, the hemispherically converging collision-
less shock is launched; however, it disappears before the
onset of the CSA. Moreover, the RIT does not take place
because 7,1, = 8.3 x 10> cm™ at the laser pulse peak is
below n, and 6, also decreases compared with the hydro-
gen cluster case. Therefore, for the proposed ion accel-
eration mechanism to work, at least n, should be below
v.n. for a given laser peak intensity.

Finally, the preheating effect of the hydrogen cluster by
the prepulse is considered. For I = 1.0 x 10?> W/cm?, the
prepulse with the contrast of 103-10'° [59] is considered to
decrease the cluster size by approximately 10%. Based on
this estimation, we performed simulations using a 0.7-um
radius cluster having the exponential decay around the
surface and obtained high energy protons with a quasimo-
noenergetic peak (ox ~ 10%) at 220 MeV. This indicates
that the prepulse does not significantly affect the proposed
acceleration mechanism for Ry > 0.8 um.

In conclusion, we presented a new scheme for achieving
quasimonoenergetic proton acceleration by causing multi-
ple processes created through the internal and external
d.o.f. ascribed to the spherical structure of micron-size
hydrogen cluster irradiated by high-intensity laser, i.e.,
(A)—(D), and by synchronizing their spatial-temporal evo-
lutions. Based on the 3D relativistic PIC simulations, we
demonstrated that produced proton bunches are accelerated
to the level of 300 MeV while maintaining an energy spread
around 10% and a low half-divergence angle around 5°.
We found that the scheme stably works for finite ranges of
parameters with threshold values, which is available for
experiments. In order for the present scheme to deserve
practical application, e.g., hadron therapy, further pro-
gresses about the manipulation and optimization of all-
optical techniques and target fabrication are requested,
which is ongoing work.
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