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Steady regime of radiation pressure acceleration with foil thickness adjustable
within micrometers under a 10–100 PW laser
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Quasimonoenergetic GeV-scale protons are predicted to be efficiently generated via radiation pressure accel-
eration (RPA) when the foil thickness is matched with the laser intensity, e.g., Lmat of several nm to 100 nm
for 1019 − 1022W cm−2 available in laboratory. However, nonmonoenergetic protons with much lower energies
than predicted were usually observed in RPA experiments because of too small foil thickness which cannot
support insufficient laser contrast and foil surface roughness. Besides the technical problems, we here find
that there is an upper-limit thickness Lup derived from the requirement that the laser energy should dominate
over the ion source energy in the effective laser-proton interaction zone, and Lup is lower than Lmat with
the intensity below 1022W cm−2, which causes inefficient or unsteady RPA. As the intensity is enhanced to
� 1023W cm−2 provided by 10–100 PW laser facilities, Lup can significantly exceed Lmat, and therefore RPA
becomes efficient. In this regime, Lmat acts as a lower-limit thickness for efficient RPA, so the matching thickness
can be extended to a continuous range from Lmat to Lup; the range can reach micrometers, within which foil
thickness is adjustable. This makes RPA steady and meanwhile the above technical problems can be overcome.
Particle-in-cell simulation shows that multi-GeV quasimonoenergetic proton beams can be steadily generated
and the fluctuation of the energy peaks and the energy conversation efficiency remains stable although the
thickness is taken in a larger range with increasing intensity. This work predicts that near future RPA experiments
with 10–100 PW facilities will enter a new regime with a large range of usable foil thicknesses that can be
adjusted to the interaction conditions for steady acceleration.
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I. INTRODUCTION

Laser plasma interaction can provide approaches to realize
compact ion acceleration due to high acceleration gradi-
ents [1–3]. The achieved ion beams with short bunch duration,
compact size, and high density can be applied in fundamental
science, plasma diagnostics, and medicine [1,2,4]. One of
the most attracting applications, tumor therapy [5,6] demands
proton beams with energy above 200 MeV and energy spread
below 1% [1,2]. Varieties of ion acceleration schemes have
been proposed with the advancements in both high-power
laser technology and targetry in the past two decades [7–15].
Among them, target normal sheath acceleration (TNSA) [16]
is the predominant mechanism in most experiments of ion
acceleration. TNSA demonstrated cut-off proton energies near
100 MeV [11,12], but the corresponding spectra are usually
broad and the number of protons at the cut-off energy is small.
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Radiation pressure acceleration (RPA) [17–21] is predicted
to generate high-energy quasimonoenergetic ion beams with
a sufficient number of protons in the monoenergetic peak,
which has potential to meet the requirements of the key ap-
plications mentioned above.

However, RPA experiments usually achieved nonmonoen-
ergetic proton beams or quasimonoenergetic peaks at much
lower energies than theoretical predictions [22–24]. In RPA,
the radiation pressure of an intense circularly polarized (CP)
laser pulse can push a substantial number of electrons for-
ward, resulting in a strong charge-separation field for ion
acceleration. When the radiation pressure is balanced with the
charge-separation force, continuous ion acceleration can be
obtained, which presents a matched foil thickness [2,21]

Lmat � a0ncλ

πne
, (1)

where a0 = ( I0λ
2

2.74×1018W cm−2µm2 )1/2 is the normalized laser

amplitude in the case of circular polarization, nc = meω
2

4πe2

is the critical density, and I0, ω, and λ are the laser
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intensity, frequency, and wavelength, respectively. For 1019 −
1022W cm−2 used in the existing RPA experiments [22,25–
29], Lmat is at a few nm to 100 nm. With such small thick-
nesses, the foil is easy to be deformed or broken by the
amplified spontaneous emission (ASE) and prepulse of the
high-power laser pulse [30,31] before the main pulse inter-
action with the foil. Furthermore, according to the present
target fabrication technology, the surface roughness is typi-
cally of the same order with such thickness. These limitations
in the current target and laser technology tend to result in
inefficiency and unsteadiness of RPA, which could become
worse due to transverse instabilities [32–34] and plasma
heating [35].

Besides the above factors, we find here that there is an
upper-limit thickness Lup for efficient RPA and Lup is lower
than or around Lmat with the intensity below 1022W cm−2

(a0 = 61) adopted in reported experiments [22,25–27], which
could cause inefficient or unsteady acceleration. As the inten-
sity is enhanced to 1023W cm−2, made available recently [36],
Lup starts to significantly exceed Lmat, resulting in that the
matching thickness can be extended to a large range from
Lmat to Lup and up to several micrometers. This can bring both
efficient and steady RPA and meanwhile the above technical
problems can be overcome. The upper-limit thickness and the
enlarging thickness range for increasing laser intensity are dis-
cussed in detail in Sec. II; then we perform multidimensional
PIC simulations in Sec. III to verify the existing requirement
of the driving laser energy dominating over the proton energy
in the effective laser-proton interaction zone. In this regime,
multi-GeV quasimonoenergetic proton beams can be steadily
generated and the fluctuation of the energy peaks and the
energy conversation efficiency remains stable although the
thickness is taken in a larger range with increasing inten-
sity. We also check the influence of the strong field quantum
electrodynamics (QED) effects and the foil composition for
efficient RPA at the end.

II. THE UPPER-LIMIT THICKNESS FOR STEADY RPA

We consider that laser intensity of 1022 − 1023W cm−2 and
the generated proton beam can achieve several GeV energy
with the velocity approaching the light speed c after it ex-
periences the first acceleration stage of tens of fs with a
typical piston velocity, as will be shown in Fig. 2. During
the acceleration process, the proton rest energy is important
in the first stage and it is gradually dominated by the kinetic
energy. Therefore, both the rest and kinetic energy is needed
to consider in our case, i.e., WR � niLπR2(Ek + mic2) =
niLπR2γ mic2 for the steady RPA, where WR is the laser en-
ergy within the focal spot radius R and the foil thickness is
L, ni is the ion density, and mic2 is the ion rest energy. Note
that Daido et al. [1] gave WR � niLπR2γ mic2 � niLπR2mic2

by use of that the laser energy should be much larger than the
total ion rest energy, which is suitable for low-energy ion ac-
celeration. Esikepov et al. and Bulanov S.V. et al. considered
that kinetic energy is dominant for high-energy ion accelera-
tion and presented final ion energy Ei,max ∼ WR

niLπR2 [17,37]. In
our case, the requirement that the driving laser energy should
dominate over the ion rest and kinetic energy within the laser

FIG. 1. (a) The target thickness L for efficient RPA as a function
of the laser amplitude a0, where the pink rectangles and blue rectan-
gles correspond to 2D and 3D PIC results, respectively, the black line
is Lmat calculated from Eq. (1), and the red and green dashed lines
show Lup calculated from Eq. (2) with vi estimated as 2vp

1+v2
p

and vg,

respectively. The target thickness for efficient RPA is counted when
a quasimonoenergetic proton beam is generated in PIC simulation.
(b) The corresponding energy peaks εpeak of the quasimonoenergetic
proton beams are displayed by pink rectangles and blue rectangles
for 2D and 3D PIC results, respectively. The green line with circles
is the fluctuation of the peak energies �ε

εpeak
obtained from the 2D-PIC

simulations.

focal spot gives the upper limit thickness

Lup �
WR

√
1 − v2

i /c2

πR2nimic2
, (2)

so that the laser pulse has enough surplus energy to transform
to the ions kinetic energy, independent of the accelera-
tion process. Here, the full laser pulse length is taken to
calculate the laser energy and the proton relativistic kinetic en-
ergy has been taken as Ek = (γ − 1)mic2 = ( 1√

(1−v2
i /c2 )

−1)

mic2. In the RPA scheme, we can estimate the ion veloc-
ity vi as 2vp

1+v2
p
, where vp =

√
�

1+√
�

is the piston velocity in

the relativistic case [17,38–40], and � = 2a2
0Zncme

Anemi
, Z

A is the
charge-mass ratio, and mi is the ion mass. Once the ions
are continuously accelerated to relativistic velocity, the final
ion velocity should be estimated as the relativistic group
velocity of the laser vg [15,38]. Here vg � (1 − ne

ncr
)1/2c and

ncr � (1 + 0.5a2
0)1/2nc is the relativistic critical density for

CP pulses at normalized amplitudes a0 � 1 [38]. Our simu-
lations below will show that they are two typical velocities in
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FIG. 2. Temporal evolution of the laser wavefront velocity v f

(red dotted line) and tracked proton velocity vi (green line), where we
track 100 protons gaining high energies finally and take five typical
ones. Evolution of the maximum of the longitudinal electric field
Ex−max (corresponding to the right y axis) is also displayed by the
blue line. Here the laser amplitude a0 and target thickness L are taken
as (100, 0.18λ), (300, 0.56λ), (500, 1.1λ), and (700, 1.7λ) in (a)–(d),
respectively.

the “hole-boring” [19,41] and the “light-sail” [14,15,42–44]
phases in ion acceleration, respectively.

According to Eqs. (1) and (2) with a given density ne =
200nc, we calculate Lmat from Eq. (1) and plot it by the
black line in Fig. 1(a), and calculate Lup from Eq. (2) with
vi estimated as 2vp

1+v2
p

or vg and show them by the red and

green dashed lines in Fig. 1(a). Here the total laser energy
WR within the focal spot radius R can be calculated when a
30 f s laser pulse with the given intensity profile of I (t, y) =
I0exp(− 2t2

τ 2 )exp(− y4

R4 ) propagates in vacuum and I0 is the peak
intensity of the initial laser pulse. Lup = Lmat = 0.196λ when
a0 = 122 (corresponding to 4 × 1022W cm−2); and Lup >

Lmat always holds for a0 > 122, as shown in Fig. 1(a). Note
that the intensities below and far below 4 × 1022W cm−2 were
adopted in existing RPA experiments [22,26,27]. Therefore,
unsteady experimental results are not only because of the too
small thickness Lmat with low tolerance to the insufficient laser
contrast and foil surface roughness, but also because of the
requirement that the driving laser energy should dominate
over the ion source energy within the laser focal spot and
the effective plasma thickness, i.e., the thickness L should
be less than Lup. Adopting L as Lmat for efficient RPA has
been widely recognized, so the requirement of Lup > L is
roughly equivalent to Lup > Lmat. As the laser intensity is
higher than 4 × 1022W cm−2, an efficient RPA with Lup >

Lmat starts to be possible. Furthermore, to achieve a steady
RPA, Lup should be much greater than Lmat and then the thick-
ness can be chosen in a large range. For example, when a0 =
300 (corresponding to 2.47 × 1023W cm−2), Lup = 0.91λ and
Lmat = 0.48λ and, in principle, the thickness can be taken
in a range from 0.48λ to 0.91λ. For higher laser intensi-
ties, the thickness range �L = Lup − Lmat is enlarged further,
which can be observed in Fig. 1(a) and also explained in the
following.

Besides, one can easily derive Lup ∝ ξ 2√1+2α0ξ

1+α0ξ
and Lmat ∝

ξ
√

nc
ne

from Eqs. (1) and (2), where α0 =
√

2Zme
Ami

and ξ =
a0

√
nc
ne

. For a given ne or foil species, Lup increases more

quickly than Lmat with the growth of a0, i.e., the thick-
ness range �L is enlarged continuously. These analytical
results are verified by our particle-in-cell (PIC) simula-
tion results shown by the pink and blue rectangles in
Fig. 1(a).

III. PIC SIMULATION RESULTS

We perform two-dimensional (2D) and three-dimensional
(3D) PIC simulations with the EPOCH code [45]. For 2D
PIC, a CP laser pulse with a wavelength λ = 1µm and an
intensity profile of I0exp(−2t2/τ 2)exp(−y4/R4) is incident
along the x direction, where the spot radius is R = 6λ and the
duration is 30 fs. The pulse arrives at the vacuum-foil interface
x = 15λ at t = 0. The foil is composed of protons H+ and
e− with ne = 200nc. We take a simulation box 40λ × 50λ

(4000 × 2500 cells in x × y) moving along the x direction
at the speed of light and each cell has 100 macroparticles
in the foil region. Besides, we use the same laser pulse and
foil composition in 3D PIC simulations. We take a simulation
box 40λ × 30λ × 30λ divided into 1200 × 900 × 900 cells in
x × y × z and the box is moving along the x direction at the
speed of light. Each cell has 100 macroparticles in the foil
region.

Figure 1(a) shows the target thickness for efficient RPA as
a function of a0, where the pink rectangles and blue rectangles
correspond to 2D and 3D PIC results, respectively. For a
given a0, we change the foil thickness and count the thickness
value with which a quasimonoenergetic GeV proton beam
is generated (see Note 1 and Fig. S1 of the Supplemental
Material [46]). Then the counted values are illustrated by the
rectangles representing adjustable thickness ranges. One can
see that the range is enlarged with the growth of a0 and the
pink rectangles fall well between the black and red lines, in
good agreement with Eqs. (1) and (2). This suggests that there
is indeed an upper-limit thickness for efficient RPA, set by
the requirement of the driving laser energy dominating over
the proton energy within the laser focal spot and the effective
plasma thickness.

The PIC results also indicate that the well-known match-
ing thickness Lmat acts as a lower-limit value for efficient
RPA, and then the matching thickness originally used as
an isolated value point can be extended to a continuous
range. This is because Lmat is derived under an ideal con-
dition that the foil electrons as a whole are pushed forward
and form a charge-separation field to balance with the laser
radiation pressure exerted on the electrons. Actually, only
part of the foil electrons can be pushed forward out of the
foil, which becomes more significant for a relatively large
thickness with high laser intensity. Furthermore, the electro-
static pressure of charge-separation field Exenp0ls [21] should
be higher than the radiation pressure 2I

c , where np0ls � neL
and the charge-separation field Ex = 4πeneL. Otherwise, the
foil electrons can be blown out, the compressed electron
layer cannot be formed, and ions cannot be accelerated.
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Hence,

L � Lmat (3)

should be a more reasonable condition for sustaining the
charge-separation field to accelerate ions continuously. It
should be noted that Eqs. (1) and (2) are given in the 1D
case. The omitted transverse effects, e.g., thermal expansion
induced by the strong electron heating and transverse instabil-
ities [32–35], tend to deteriorate the target and a thicker foil is
needed to overcome the deterioration. Thus, the effective foil
thickness ranges from 3D PIC simulations [blue rectangles in
Fig. 1(a)] do not fall well between the black and red lines in
Fig. 1(a) and are higher than those in 2D PIC results because
of the transverse effects. On the other hand, the whole energy
of the laser pulse cannot be used to accelerate the foil in
reality. In 2D PIC simulations, the proton relativistic velocity,
estimated as the laser relativistic group velocity vg, grows
slowly since a0 � 300, and the energy conversion efficiency
from the laser pulse to the kinetic protons maintains around
20%–25% (See Table S1 of the Supplemental Material [46]).
Moreover, the reflected laser energies are about 9.5% and
7.2%, respectively, for the cases with = 300 and a0 = 500
in Fig. 2. Thus, the effective foil thickness ranges in 2D
simulations are lower than the prediction values from Eq. (2).

The enlarged effective thickness range bounded by Lmat

and Lup provides a favorable freedom for foil thickness choice
and the matched thickness can be adopted as a value much
higher than the original prediction by Lmat. For instance,
quasimonoenergetic GeV proton beams can be stably gen-
erated from the foil with a thickness within 0.4λ–1.2λ for
a0 = 300, and 0.8λ–2.1λ for a0 = 600 from PIC results (also
see Note 1 and Fig. S1 of the Supplemental Material [46]).
When a0 � 1000, the thickness range �L even enlarges above
2λ, favoring the target design in future experiments.

Although the thickness is taken in a larger range with in-
creasing a0, the fluctuation of the energy peaks remains stable,
as shown in Fig. 1(b). This figure plots the energy peaks εpeak

of the quasimonoenergetic proton beams obtained from 2D
and 3D PIC results. In the typical simulation with a0 = 300,
the peak energy decreases from 3.6 GeV to 1.2 GeV as the foil
thickness increases from 0.4λ to 1.2λ. With a larger amplitude
a0 = 600, the peak energy only decreases from 4.5 GeV to 3.0
GeV as the foil thickness increases from 0.8λ to 2.1λ (also
see Note 1 and Fig. S1 of the Supplemental Material [46]).
The green line in Fig. 1(b) displays the energy fluctuation �ε

εpeak

as a function of a0. It is shown it reaches 70% at a0 = 200,
decreases to 40%, and then maintains around this value since
a0 > 400. Even when the thickness range �L is above 2λ

with a0 � 1000, �ε/εpeak does not grow. This is because
the proton velocity or peak energy is mainly determined by
the laser relativistic group velocity which increases slowly
with the growing a0 when a0 is sufficiently large. The slowly
increasing group velocity also causes the energy conversion
efficiency of the protons to basically remain around 20%–25%
as shown in the Note 2, Fig. S3, and Table S1 of the Supple-
mental Material [46].

Figure 2 shows the evolution of tracked proton velocity vi

and the laser wavefront velocity v f representing the group ve-
locity, where v f is defined as the velocity of the surface where

FIG. 3. (a) Evolution of the plasma electron temperature and
(b) the energy spectra of protons at t = 70T0, where different lines in
(a) and (b) represent different (a0, L) corresponding to the parameters
taken in Figs. 2(a)–2(d), respectively. The plasma temperatures are
calculated with the electrons in the compressed density layer and
normalized by that in the case of a0 = 100.

the laser intensity is I0
100 [47], corresponding to the laser nor-

malized amplitude of a0
10 . The evolution of v f can be separated

into two stages in Figs. 2(b)–2(d). In the first stage with t �
11 − 12T0, v f first decreases dramatically at the beginning of
the interaction of the laser with the foil, and later increases
quickly along with the foil being pushed forward by laser
radiation pressure. This stage has been widely studied [19,40]
and vi can be estimated as 2vp

1+v2
p
. At the second stage after

about 12T0, v f becomes roughly constant and vi is very close
to v f in Figs. 2(b)–2(d) with a0 = 300 − 700, meaning that
the protons are efficiently and continuously accelerated and
then move along with the laser pulse. In this stage, vi can
be estimated by the relativistic group velocity vg [15,32,48],
where vi � 0.973c and vi � 0.982c for the cases with a0 =
500 and a0 = 700 read from Figs. 2(c) and 2(d). In this case,
the group velocity vg � (1 − ne√

2a0nc
)c grows slowly with a0

(a0 � 1). This agrees with Fig. 1(b) that the peak energy
increases slowly from a0 = 400 to a0 = 1000. By contrast, in
Fig. 2(a) with a0 = 100, the protons velocity can only reach
0.75c much lower than v f because the laser wavefront breaks
through the foil and the protons cannot catch up.

Figure 3 shows that the plasma heating is suppressed with
the growing laser intensity, facilitating the acceleration. Com-
pared with the case with a0 = 100, the plasma temperature is
reduced by 50% with a0 = 300, and 75% with a0 = 500 and
700 at the second stage. In efficient RPA at high intensities, the
protons and electrons move along with the laser pulse and then
their velocities [see Figs. 2(b)–2(d)] are close to c and mainly
in the longitudinal direction, i.e., most of the particle energies
are longitudinal, and the protons cover the majority of the
energies. This causes significant reductions of the tempera-
ture and the transverse spread of electrons. The upper-limit
thickness Lup in Eq. (2) is given by the requirement that
the driving laser energy within the full pulse length should
dominate over the proton source energy within the full foil
thickness during the efficient RPA. The requirement is verified
by Figs. 4(a2)–4(d2), which displays the laser energy [red
curve of Figs. 4(a2)–4(d2)] and the protons energy [blue curve
of Figs. 4(a2)–4(d2)] by integrating the energy density of the
laser pulse and the protons [Figs. 4(a1)–4(d1)], respectively,

015208-4



STEADY REGIME OF RADIATION PRESSURE … PHYSICAL REVIEW E 109, 015208 (2024)

FIG. 4. (a1)–(d1) Spatial distributions of energy densities of the
protons (top half) and the laser (bottom half); the laser energy and
the ion energy integrated over the same longitudinal space are also
plotted by the red curve and blue curve of the subfigures (a2)–(d2),
respectively, where (a) and (b) are the cases with a0 = 100/300
at t = 30T0, and (c) and (d) are the cases with a0 = 500/700 at
t = 50T0. The units of the color scales are normalized by the energy
density in the case with a0 = 300. (e), (f) Temporal evolution of the
energy ratio between the protons and the laser, where the ratio is
calculated by the energy peaks of the protons and the laser.

over the same longitudinal space. We calculate the laser en-
ergy by integrating over the effective pulse length (except the
reflected laser energy) and the ion energy by integrating over
the effective plasma thickness, e.g., in Fig. 4(c1) the effective
laser pulse length is about 4.5λ (from 49.0λ to 53.5λ) and the
effective plasma thickness is about 0.8λ (from 53.1λ to 53.9λ)
When the thickness is in the range from Lmat to Lup for effi-
cient RPA, e.g., Figs. 4(b)–4(d), the laser energy is dominant
over the proton energy. Figure 4(e) illustrates the evolution of
the energy ratio � of the protons to the laser. � is less than
one in the whole simulation duration for (a0, L) = (500, 1.1λ)
and (700, 1.7λ) and before t = 30T0 for (300, 0.56λ) [also
see Fig. 4(b) given at t = 30T0], which corresponds to the
efficient acceleration time. While the thickness is larger than
Lup for the given a0 = 300, 500, and 700, shown in Fig. 4(f),
� starts to be more than one as early as about t = 20T0 and the
acceleration is inefficient (i.e., no quasimonoenergetic peak or
much lower peak energy).

IV. CONCLUSION AND DISCUSSION

In summary, we have found there is an upper-limit thick-
ness Lup for efficient RPA, deriving from the requirement

that the driving laser energy should dominate over the proton
source energy within the laser focal spot and the effective
plasma thickness. The well-known matching thickness Lmat

acts as a lower-limit value, and therefore, the matching thick-
ness originally used as an isolated value point can be extended
to a continuous range from Lmat to Lup. Lup > Lmat can be
achieved for steady RPA with I0 > 4 × 1022 W cm−2 and the
thickness range Lup − Lmat is enlarged with the laser intensity.
For 1023 ∼ 1024W cm−2 delivered from the 10 PW and 100
PW laser facilities [49–51], the thickness range can reach a
few micrometers providing favorable freedom for foil thick-
ness choice in RPA experiments. Although the thickness is
taken in a larger range with increasing intensity, the fluctua-
tion of the energy peaks as well as the energy conversation
efficiency remain stable. This work predicts that near future
RPA experiments with 10–100 PW laser facilities will enter a
new regime with a large-range of usable foil thicknesses that
can be adjusted to the interaction conditions for steady ion
acceleration.

Note that in Eq. (2) the proton velocity vi is mainly
estimated by the laser relativistic group velocity vg, which
has been verified by Fig. 2, and the laser energy is calcu-
lated with the spot radius at the focusing plane, which does
not change significantly with laser propagation within the
Rayleigh length (113 µm in our case). Therefore, Eq. (2) can
give a reasonable Lup close to the PIC simulations.

We also check the influence of the strong field quan-
tum electrodynamics (QED) effects [52–55] on RPA. The
influence enhances with the growing a0, but basically it can
be negligible (see Note 3 and Fig. S4 of the Supplemen-
tal Material [46]). With a0 = 1000, the energy conversion
efficiency of the γ photons increases with the target thick-
ness and it reaches 8% at the maximum thickness 4.4λ

for efficient RPA, where both the energy peak and energy
conversion of the protons are reduced by less than 6%. In
efficient RPA, electrons move mainly along the laser prop-
agating direction which makes small QED parameters and
weak QED effects [55,56]. For the laser pulse at intensity
of 1022 − 1024 W cm−2 in our simulations, the preplasma
produced by ASE should not significantly influence the
generation of the quasimonoenergetic ion beams according
to the discussion in Refs. [57,58], because the preplasma
is relativistically underdense and therefore can be ignored.
As the intensity exceeds 1025 W cm−2, the QED cascades
could be triggered in the preplasma and it starts to become
opaque for the laser, where the QED effects could domi-
nate the classically relativistic transparency and laser hole
boring [59].

Besides the foil species composed of nH = ne = 200nc, we
also investigated the steady RPA process for the lower density
with nH = ne = 100nc (see Table S1 in the Supplemental
Material [46]). Moreover, the realistic targets, lithium hydride
(LiH) [60] with different thicknesses, are also adopted and
the results agree with Eq. (2) (see Note 4 and Fig. S5 of the
Supplemental Material [46]).
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