friried applied
e sciences

Article

Theoretical Study of the Efficient Ion Acceleration Driven by
Petawatt-Class Lasers via Stable Radiation
Pressure Acceleration

Meng Liu 2, Jia-Xiang Gao 3, Wei-Min Wang 3*

check for
updates

Citation: Liu, M.; Gao, ].-X.; Wang,
W.-M,; Li, Y.-T. Theoretical Study of
the Efficient Ion Acceleration Driven
by Petawatt-Class Lasers via Stable
Radiation Pressure Acceleration.
Appl. Sci. 2022, 12,2924. https://
doi.org/10.3390/app12062924

Academic Editors: Cristian FOCSA

and Jianxing Li

Received: 30 January 2022
Accepted: 2 March 2022
Published: 13 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yu-Tong Li 1,4,5,%

1" Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, CAS, Beijing 100190, China;
liumeng_2021@iphy.ac.cn

Department of Mathematics and Physics, Noth China Electric Power University, Baoding 071003, China
Beijing Key Laboratory of Opto-Electronic Functional Materials and Micro-Nano Devices,

Department of Physics, Renmin University of China, Beijing 100872, China; 2020102327@ruc.edu.cn

School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

Songshan Lake Materials Laboratory, Dongguan 523808, China

Correspondence: weiminwangl@ruc.edu.cn (W.-M.W.); ytli@iphy.ac.cn (Y.-T.L.)

Abstract: Laser-driven radiation pressure acceleration (RPA) is one of the most promising candi-
dates to achieve quasi-monoenergetic ion beams. In particular, many petawatt systems are under
construction or in the planning phase. Here, a stable radiation pressure acceleration (SRPA) scheme is
investigated, in which a circularly-polarized (CP) laser pulse illuminates a CH, thin foil followed by
a large-scale near-critical-density (NCD) plasma. In the laser-foil interaction, a longitudinal charge-
separated electric field is excited to accelerate ions together with the heating of electrons. The heating
can be alleviated by the continuous replenishment of cold electrons of the NCD plasma as the laser
pulse and the pre-accelerated ions enter into the NCD plasma. With the relativistically transparent
propagation of the pulse in the NCD plasma, the accelerating field with large amplitude is persistent,
and its propagating speed becomes relatively low, which further accelerates the pre-accelerated ions.
Our particle-in-cell (PIC) simulation shows that the SRPA scheme works efficiently with the laser
intensity ranging from 6.85 x 102! W em 2 to 4.38 x 102 W cm ™2, e.g., a well-collimated quasi-
monoenergetic proton beam with peak energy ~1.2 GeV can be generated by a 2.74 x 10> W cm ™2
pulse, and the energy conversion efficiency from the laser pulse to the proton beam is about 16%. The
QED effects have slight influence on this SRPA scheme.
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1. Introduction

Laser-driven ion accelerators are characterized by their large accelerating field gra-
dient and have attracted significant attention over the past two decades [1-4]. Compared
with conventional accelerators, laser-driven ion accelerators have a few unique features,
including higher ion density and shorter bunch duration or more compact size [4,5]. These
features of such novel ion sources can be applied in various prospective applications, rang-
ing from proton radiography for cancer treatment [6] to fast ignition of nuclear fusion [7,8]
and nuclear physics [9], etc. Aiming at these applications, quasi-monoenergetic ion beams
with high energy are required. For instance, such ion beams can ignite compressed fuel
to generate fusion energy [10]. Radiography for cancer treatment is a representative ex-
ample, for which laser-driven ion beams should have an energy spread of only 1% [3,4,6].
Due to the advancements in both laser technology and targetry, a variety of schemes
have been proposed and successfully achieved in recent laser-driven ion acceleration
experiments [11-14]. However, although the protons can be accelerated to a cut-off energy
of near 100 MeV [12,15], they are usually not monoenergetically distributed.
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To achieve quasi-monoenergetic ion beams, several mechanisms have been investi-
gated, such as collisionless shock acceleration (CSA) [16-20], radiation pressure acceleration
(RPA) [21-25], and RPA-wakefiled hybrid acceleration [26]. In one of the most-investigated
mechanisms, light-sail mode of RPA, the acceleration of ions to ultrahigh energies is allowed,
where a nanoscale solid foil could be continuously accelerated by an ultrashort, ultraintense
laser pulse under the ideal conditions [21,22,27]. With the development of a multi-petawatt-
class laser system, intensities of 10°2~10%3 W cm 2 can be reached, for which the generation
of monoenergetic GeV ion beams is one of the primary applications based on light-sail
mode of RPA [28]. However, this model is usually plagued by strong electron heating due
to the onset of transverse instabilities [29-31] and finite spot size [32]. These effects can
lead to thermal expansion of the thin foil and relativistic transparency for the ultra-intense
laser. As a consequence, the charge-separated field is destroyed and the obtained ion
energy spectrum has a broad energy spread. Significant efforts [33-36] have been devoted
to overcoming the limitations of this mechanism to improve the ion beam qualities, such
as transverse divergence, the maximum energy, and the energy spread. Most of these
scenarios are still demanded to be verified in the future experiments with the developing
laser technology. Therefore, how to produce high-energy monoenergetic ion beams is still
an open question in both theory and experiment.

In this paper, we propose a stable radiation pressure acceleration (SRPA) scheme
by using a combination target of a CH, thin foil and a large-scale near-critical-density
(NCD) plasma. In the primary stage, an ultra-intense laser pulse with a Gaussian shape in
transverse space illuminates the thin foil, and the protons of the thin foil are pre-accelerated
to sub-relativistic velocities by the light-sail mode of RPA. With the help of the NCD plasma,
the strong plasma heating can be obviously alleviated and thus the pre-accelerated sub-
relativistic protons can stay in the cold background. In the NCD plasma, the laser pulse
propagates relatively slowly due to the relativistically transparency and, hence, the speed
of the longitudinal electric field of large amplitude is limited, which is the other key factor
to further accelerate the sub-relativistic protons effectively. The accelerating field with
limited speed, together with the alleviated plasma heating, guarantees efficient SRPA of the
protons. This SRPA scheme provides a physical mechanism exploration for the planning
experiments of ion acceleration at the Ti:sapphire femtosecond laser system of the Institute
of Physics, Chinese Academy of Sciences, Beijing, China [37].

2. Theory and Analysis

To accomplish the stable radiation-pressure ion acceleration process, we employ a
combination target consists of a solid foil and a near-critical-density plasma. An ultrashort,
intense circularly polarized (CP) laser pulse is incident from the left side onto the combina-
tion target. In the stage of laser-foil interaction, we begin with some primitive theoretical
analysis based on when a nanoscale solid foil is illuminated by an ultrashort laser pulse.
Under ideal conditions, the obtained mean ion energy can be estimated as [38]

2

Ei = miCZZ(Ii_I—Fl) (1)
where [T = ZmEnCa%Tc /Y imin;L, c is the speed of light in vacuum, the normalized ampli-
tude of the CP laser pulse ag ~ (IgpA?/2.74 x 108 W cm 2 um?)2 n. = mew? /4me? is the
critical density, w is the angular frequency of the laser, T is the duration of the laser pulse, L
is the foil thickness, m, is the electron mass, and m; and n; are the mass and the number den-
sity of the i-th ion species, respectively. For instance, in a typical simulation case discussed
in the next section, we employ a 30 fs CP laser pulse at normalized amplitude 2y = 100
(Ip ~ 2.74 x 1022 W cm~2). Here, a laser wavelength A = 1 um is assumed and Ty = A/c is
the laser period. The foil is composed of carbon and hydrogen ions with n, = 200%, and a
thickness L = 0.085A. Substituting these parameters into Equation (1), we can easily get a
mean proton energy E, ~ 1.35 GeV. As a matter of fact, the RPA process is prematurely
terminated as long as the target becomes transparent due to the transverse instabilities,
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the target deformation, and the plasma heating [39]. Furthermore, in the intense laser
interaction with the foil, the longitudinal electric field induced by charge separation travels
close to the speed of light as the foil target becomes transparent. Meanwhile, the amplitude
of the longitudinal electric field, which is induced by charge separation, will drop rapidly.
Therefore, the obtained proton energy is much lower than the prediction by Equation (1).
Our two-dimensional (2D) particle-in-cell (PIC) simulation with the above laser and target
parameters results in a broad spectrum with mean proton energy E, ~ 500 MeV, which
corresponds to a sub-relativistic mean proton speed v, =~ 0.73c. To date, the corresponding
optimum foil thickness, and/or the proton energy scaling with the fitted laser temporal
profile have been verified [40,41] by the code EPOCH [42] of particle-in-cell simulations.

To maintain an efficient RPA process, a near-critical-density (NCD) plasma is applied to
suppress the plasma heating by continuously replenishing cold electrons. More importantly,
a longitudinal electric field with large amplitude is excited as the ultra-intense laser pulse
propagates in relativistically transparent regime. The considerable amplitude of this excited
electric field can be roughly approximated by E.x = agwm,.c/e [43]. This electric field
will boost the speed of the protons dramatically. For simplicity, we assume that the local
accelerating field felt by the protons is Ex(x) ~ Ejax/2, the Lorentz factor of the protons
Tp = 1/(1— vf,/cz)l/2 can be deduced from dvy,/dx ~ magm./Am, [26]. For ag = 100
and v, ~ 0.73c (the corresponding E, ~ 500 MeV) obtained in the laser-foil interaction
stage, the sub-relativistic protons will be accelerated rapidly to relativistic speed in tens
of microns.

The necessity of a near-critical-density plasma can be analyzed by a conservative
Hamiltonian of ion motion [43]. In the co-moving frame (x" = x — Byt) with the longitudinal
electric field Ey, the ion motion is governed by:

/ 2N1/2 MeNey
H(E pi) =vp|(L+pi") = = piBx — D, (2)
where { = x'wp and p; = p;/mjc are the normalized coordinate and momentum of

the ion, the Lorentz factor yg = 1/(1 — B2)1/2 corresponds to the normalized velocity
Bx = vx/c of the excited longitudinal electric field, and vy ~ vj,.,. The propagating
velocity e Of the laser front can be estimated as vjy50, ~ exp(—411e/11cr) (1 — e /1) ¢
and ne ~ (14 0.48&1%)” 2. is the relativistic critical density for CP ultra-intense laser
pulses [44,45]. The equation H(E, p}) < 1 defines the region of the ions accelerating in
the ¢ — p! phase space. In overdense plasma with 1, = 2n,, the ion acceleration condition
H(Z, p}) <1, as shown in Figure 1a, is satisfied for ions with p;/m;c > 0.7. It means that
the accelerated proton with v, ~ 0.73c is already able to enter the accelerating region for
ap = 100 and n, = 2n.. The scaling law between the required ion momentum p! and
the initial plasma density #, are plotted by Figure 1b, which suggests that with the lower
density, the more kinetic energy is required before the proton enters into the accelerating
region. For instance, the plasma density 7, needs to be higher than 0.87. for the typical
parameters ag = 100 and v, = 0.73c.
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Figure 1. (a) The accelerating region of the ions in the { — p} phase space with the plasma density
1, = 2n.. The boundary of the accelerating region is defined by H(Z, p/) = 1 (black solid lines) and
an ion will be accelerated (red dashed lines) by the electric field if H(, p;) < 1. (b) The required
minimum momentum p;/m;c as functions of the background density n,, obtained by Equation (2).
The laser normalized amplitude is taken as a9 = 100.

3. Particle-In-Cell Simulation Results

To verify the efficiency of the stable-radiation-pressure ion acceleration by using a
foil + NCD combination target, we carry out a series of 2D PIC simulations using the code
EPOCH [42]. The circularly polarized (CP) laser pulse has a wavelength A = 1 pm. Its
amplitude profile is a(t,y) = agexp(—t>/1%)exp(—y?/R?). In typical simulations, a 30 fs
laser pulse has the amplitude a9 = 100 and the waist R = 6. The wavefront of the laser
pulse arrives at the vacuum-foil interface x = 0 at t = 0. The thin foil is composed of
carbon ions C®* and protons H' in a 1:2 number ratio with n, = ny+ + 6n6: = 2007n,.
The semi-infinite NCD plasma only contains C°®* and e~ with a uniform density profile
ne = 2n.. In each simulation, a 30 um x 44 um simulation box moves along the x-axis at
the speed of light and is divided into 3600 x 3520 cells. The box parameter set as —29 um
< x <1 pm in x-direction at t = 0. The thin solid foil in the front region (0 < x < 0.085 um)
and a semi-infinite NCD plasma at x > 0.085 pm. Each cell has 225 macro-particles in the
foil region and 25 macro-particles in the semi-infinite plasma region.

Figure 2a,b display the energetic ion density distribution for the cases without and
with the NCD plasma, respectively. In the laser interaction with the thin foil, although the
protons in the focal spot area can be accelerated by the light-sail mode of RPA, the efficient
light-sail acceleration ceases as the thin foil deforms and becomes transparent. So, as shown
in Figure 2a,c, the protons are expanded to have a low density of a few 7. even in the laser
propagating axis and the achieved proton energy spectrum is broad. By contrast, when the
NCD plasma is adopted, the proton density is as high as 201, around the laser propagating
axis at t = 40Ty, as shown in Figure 2b. At this time, the protons are still accelerated and they
have quasi-monoenergetic spectrum with the peak of ~1.2 GeV (see Figure 2d), suggesting
that the NCD plasma is essential to sustain a stable radiation pressure acceleration (SRPA).
Meanwhile, the energy conversion efficiency from the laser pulse to the proton beam can
reach up to 16% in this SRPA scheme.
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Figure 2. Comparison between different target configurations. (a,b) Proton distributions (color
contour) and densities averaged at |y| < 2A (blue line) at t = 40T obtained from the cases without
and with the NCD plasma, respectively. In both cases, a CP laser pulse of 29 = 100 and spot size
R = 6A is employed. (c,d) The corresponding proton energy-angle (6 = arctan(py /py)) distributions
(color contour) and energy spectra (red line).

The replenishment of cold electrons in the NCD plasma plays a crucial role for sup-
pressing the plasma heating. In Figure 3a without the NCD plasma, the plasma temperature
is as high as tens of m,c%, where the plasma temperature T, in PIC simulations is defined
by the averaged kinetic energy of electrons in the center-of-momentum frame [46]. This
considerable plasma heating causes the thermal expansion of the plasma and the decrease
in the plasma density, which is indicated by the black and blue lines in Figure 3a. Then, the
light-sail RPA process is severely disturbed and the quality of accelerated protons will also
be destroyed in the later interaction period. While the NCD plasma is adopted, the plasma
heating is significantly alleviated, as observed in Figure 3b. The plasma temperature is
reduced by a factor of four inside the plasma peak and about halved at the laser-plasma
interface. Consequently, the electrons at the laser front maintain the high density compres-
sion and, a significant number of protons (see the blue and black lines in Figure 3b) are
mainly accelerated by RPA in a relatively cold plasma. Note that other ion acceleration
mechanisms by virtue of the fast electrons [47-49] are suppressed.
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Figure 3. Plasma temperature (red line) averaged over |y| < 2A at t = 18T for the cases (a) without
and (b) with the NCD plasma, respectively. In each plot, the black and blue lines indicate the densities
of the protons ny and electrons n, averaged over |y| < 2A.
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At the stage of laser foil interaction, a compressed electron layer with high density
is pushed forward and a large amplitude charge-separated field is excited. Thanks to the
NCD plasma, this charge-separated field can sustain a substantial amplitude and propagate
at relatively low speed because the CP laser pulse of 29 = 100 can propagate at around this
speed in the classically overdense plasma due to relativistical transparency [44]. Figure 4a
shows that the electron density peak is kept for a long time. Meanwhile, the longitudinal
electric field E, with large amplitude can be sustained, which is illustrated by Figure 4b.
In addition, this longitudinal electric field is highly asymmetrical [43,50], which is charac-
terized by a strong positive electric field at the front part and a relatively weak electric field
with a negative value at the rear part. Such asymmetrical field structure is favorable for the
ion acceleration.

The blue line in Figure 4c displays the temporal evolution of the propagating speed of
E.. The propagating speed is defined as the forward velocity of the longitudinal coordinate
xr, where the electric field strength peak appears. At the stage of laser-foil interaction
(t <12Ty), the propagating speed of E, increases as long as the foil is accelerated by the RPA.
At the stage of t > 12Ty, it is clear that the propagating speed of E, substantially depends
on the density of the NCD plasma as the thin foil becomes transparent. In the uniform
NCD plasma with n, = 2n,, the propagating speed can be estimated as vy ~ v},5,, ~ 0.88c.
The propagating speed at first remains quasi-steady at the speed of 0.87c, then decreases
gradually due to the laser depletion. Such a large amplitude longitudinal electric field
with a sub-relativistic speed helps to boost the speed of a large amount of protons further.
As shown by the pink triangles in Figure 4c, the speed of the proton energy peak reaches
up to 0.91c after about 40Tj. A track of a typical proton from the energy peak is plotted by
the black dotted line in Figure 4b, which illustrates the proton is trapped in the accelerating
field peak. This typical track suggests that the protons in the energy peak are accelerated
by the co-moving longitudinal electric field until they surpass the accelerating field. This
means a quasi-monoenergetic proton beam can be attained in this SRPA scheme. The dense
quasi-monoenergetic beam can be seen in Figure 2d, which has a FWHM energy spread
~13% at the peak about 1.2 GeV and an opening angle ~8.5°. Furthermore, the number of
the proton beam can also be greatly enhanced in the case with the NCD plasma. As shown
in Figure 2¢,d, the number of the protons above 1 GeV in the case with the NCD plasma is
4.5 times higher than the one in the case without the NCD plasma.
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Figure 4. Temporal evolutions of (a) electron density 7, and (b) longitudinal electric field Ey. (c) Tem-
poral evolution of the propagating velocities of the longitudinal electric field Ey (blue line) and the
velocities (pink triangles) of the proton energy peak. Trajectory of a typical proton is plotted by black
dotted line in (b). The simulation parameters are the same as those in Figure 2.
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Our analysis in Section 2 shows that the density nycp of the NCD plasma affects the
acceleration efficiency of protons. We implement a series of simulations with nycp ranging
from 0.6, to 4n.. We find that only when nycp > 1.2n., the quasi-monoenergetic proton
beam can be acquired. Figure 5a presents the dependency of the proton peak energy E; yeqx
and the corresponding energy spread 7 on the density nxcp when the quasi-monoenergetic
proton beam is generated. The peak energy E; ., goes up as nycp drops and the laser
propagating speed grows. In particular, the protons cannot be accelerated efficiently at
nncp > 3.5n¢, as the protons gain a velocity around v, ~ 0.73c at the stage of laser-foil
interaction, which approaches or even exceeds the propagating speed of laser pulse and
the longitudinal electric field. Note that the energy spread has an optimum value around
nNcp = 2n., with which the laser propagating speed is not too high or too low for the
protons to easily catch up with the accelerating field and also to be further accelerated in
the NCD plasma.
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Figure 5. (a) The proton peak energy E; o (the line with circles) and the corresponding energy
spread 7 (histograms) as a function of the initial density nycp of the NCD plasma. (b) The proton
peak energy E; ;. as a function of the laser amplitude a9, where the the red triangles and blue stars
show the results with the QED effects switched off and switched on, respectively.

Then, we investigated the scaling law between the proton peak energy E; ,..x and the
laser amplitude a4, as presented by red triangles in Figure 5b. The peak energy increases
rapidly as the laser amplitude ranging from a2y = 50 to ag = 400. It indicates that this SRPA
scheme works well at the laser intensity Iy =~ 2.74 x 10?2 W cm 2 and it can be extended
to a larger laser intensity range. At ag > 400, the protons reach up to a high speed in the
laser-foil interaction, while the propagating speed of the laser front and accelerating field
are obviously limited in the NCD plasma. In this case, the proton acceleration in the NCD
plasma is not efficient.

We also check the QED effects including photon generation via nonlinear Comp-
ton scatting and the induced radiation reaction (RR), as the laser intensity at and above
102 W em~2 (ag > 200) is taken [51]. One can see from the blue stars in Figure 5b that there
are no significant differences in the proton peak energies when the QED module is switched
on or off. In our SRPA scheme, the high energy electrons, especially those electrons around
the laser propagating axis, are mainly forward propagating along with the CP laser field.
In this case, the photon generation is suppressed due to the small nonlinear quantum
parameter x. [52,53]. In the typical simulation with ag = 300, the generated photons cover
about 3% of the total laser energy.

Note that we increase the foil thickness L with the enhancement of the laser amplitude
in Figure 5b. For example, we take the thickness L to 0.245A for ap = 300 and the simulation
results are presented in Figures 6 and 7. In Figure 6, one can see that the laser front moves
together with the electron, proton, and carbon layers. Therefore, both the protons and ions
are efficiently accelerated. From Figure 7a, one can see that the maximum momentum p, of
protons increases to 4m;c at the interaction time t = 50T). The corresponding peak energy
E; of accelerated protons is about 2.5 GeV, as shown by the red line of Figure 7b. The black
line of Figure 7b displays that high energy carbon ions, reaching up to 2.3 GeV /nucleus,
can also be produced at the same time.
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Figure 6. (a) The electron density (with the colorbar in a log scale) at t = 35Ty, where the laser field
along the axis y = 0 is plotted by the red dashed line. (b) The densities of protons (1p) and carbon
ions(ncs+) with the colorbar in a log scale, where the longitudinal electric field Ey along the axis y = 0
is plotted by the green dotted line.
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Figure 7. (a) Phase space py — x of protons at t = 30Ty, t = 40Ty, and t = 50T, respectively.
(b) Spectra of protons (red line) and carbon ions (black line) at ¢t = 50Ty. Here, the laser and target
parameters are the same as those in Figure 6.

4. Conclusions

It is worth pointing out that our stable radiation pressure acceleration (SRPA) scheme
could provide a reference for the ion acceleration experiments with PW-class laser systems
recently available and 10-PW-class laser systems available in the near future [54,55]. A NCD
plasma behind the solid thin foil might be obtained by the ionization of an ultra low-density
plastic foam [56]. Alternatively, such an NCD plasma might be achieved with the help of a
secondary nanosecond laser pulse at a lower intensity [57].

To summarize, we have investigated, by analysis and PIC simulation, a possible stable
radiation pressure acceleration (SRPA), when a multi-petawatt CP laser pulse irradiates a
combination target of a CH, thin foil and a large-scale NCD plasma. With a suitable density
range, the NCD plasma can not only significantly suppress strong electron heating in the
laser-foil interaction, but also decrease the propagating speed of the laser pulse and the
induced acceleration field to allow the ions to catch up. In this way, the ions can nearly
co-move with the acceleration field in a relatively cold environment and, therefore, they can
be efficiently accelerated. By simple analysis, a rough range of suitable NCD plasma density
has been given and verified by our PIC simulation. Our simulations have shown that colli-
mated quasi-monoenergetic proton beams with peak energy of 360 MeV and 1.2 GeV can
be generated by a pulse of ag = 50 (6.85 x 10! W cm~2) with a nycp = 3.51, plasma and a
pulse of ap = 100 (2.74 x 1022 W cm~2) with a nycp = 2#c plasma, respectively. The SRPA
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scheme can efficiently work with the laser intensity ranging from 6.85 x 102! W cm 2 to
4.38 x 102 W cm~2 and the QED effects have a slight influence on this scheme.
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