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ABSTRACT
The acceleration of ultrathin targets driven by intense laser pulses induces Rayleigh–Taylor-like instability. Apart from laser and target con-
figurations, we find that electron heating and surface rippling, effects inherent to the interaction process, have an important role in instability
evolution and growth. By employing a simple analytical model and two-dimensional particle-in-cell simulations, we show that the onset of
electron heating in the early stage of the acceleration suppresses the growth of small-scale modes, but it has little influence on the growth
of large-scale modes, which thus become dominant. With the growth of surface ripples, a mechanism that can significantly influence the
growth of these large-scale modes is found. The laser field modulation caused by surface rippling generates an oscillatory ponderomotive
force, directly modulating transverse electron density at a faster growth rate than that of ions and eventually enhancing instability growth.
Our results show that when surface deformation becomes obvious, electron surface oscillation at 2ω0 (where ω0 is the laser frequency) is
excited simultaneously, which can be seen as a signature of this mechanism.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0130513

I. INTRODUCTION

Over the past decade, radiation pressure acceleration (RPA)
has come to be considered as a promising route to produce
compact energetic laser-driven ion sources with a satisfactory
energy conversion efficiency.1–3 Indeed, by utilizing this accelera-
tion regime, proton energies near 100 MeV have been obtained in
recent experiments.4,5 Various applications based on laser-driven
ion sources have also been explored, including proton radiography,6
fast ignition,7,8 neutron generation,9 and medical therapy.10 To meet
the requirements of some of these applications, the achievement of
higher ion energy and the control of ion beam quality still remain
outstanding challenges.

There are several factors that strongly influence the RPA pro-
cess and have severe adverse effects on the quality of the accelerated

ion beams, including the effect of the preplasma induced by the laser
prepulse,5 the finite spot effect,11 and transverse instability.12–14 In
particular, in the well-known light sail (LS) regime,2,15,16 where an
ultrathin target is driven by an intense circularly polarized (CP)
laser pulse, transverse density modulation and surface rippling of
the target have been observed in multidimensional particle-in-cell
(PIC) simulations,13,14 as well as in experiments.17 These phe-
nomena are attributed to Rayleigh–Taylor instability (RTI),12,18–20

which causes a breakdown of target integrity, leading to prema-
ture termination of ion acceleration and broadening of ion energy
spectra.

To mitigate the effect of RTI, various efforts have been made
to investigate how different laser and target configurations, such
as laser intensity and duration, and target density and thick-
ness, influence the development of RTI.21–24 Furthermore, several
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advanced configurations, such as single-cycle25 or elliptically polar-
ized26 lasers, and curved27 or mixed-species28 targets, have been
proposed to suppress the instability. Meanwhile, RTI is ubiquitous
in many areas of physics, including astrophysics,29 geophysics,30 and
nuclear physics.31 Previous extensive studies in inertial confinement
fusion have shown that the growth rate of RTI in an ablatively accel-
erating plasma can be strongly influenced by effects inherent to the
interaction processes, such as ablative flow, electron thermal con-
duction, and the compressibility of the plasma.32,33 With regard to
the LS acceleration process, there are also many inherent effects
that are important during the growth of RTI, including strong elec-
tron heating21,24,34 and deformation of the target front surface.17,19

However, it remains unclear whether these effects, in turn, play an
important role in the evolution of RTI itself.

In this paper, the effects of electron heating and surface rip-
pling on RTI are investigated. We show that electron heating in the
early stage of instability suppresses the growth of short-wavelength
modes (SWMs), with λi < 0.5λ, and makes long-wavelength modes
(LWMs), with λi ≥ 0.5λ, dominant, although RTI favors the gen-
eration of small-scale modes. Here, λ is the laser wavelength. We
propose an analytical model to demonstrate that high electron tem-
perature can suppress the growth of SWMs, whereas it has little
impact on the growth of LWMs. These effects of high electron tem-
perature are further confirmed by two-dimensional PIC simulations.
Meanwhile, we find that modulation of the laser electric field by sur-
face rippling can give rise to an oscillatory ponderomotive force,
which significantly increases the growth rate and simultaneously
excites an electron surface oscillation (ESO) at 2ω0, with ω0 the laser
frequency. The enhancement of RTI growth is related to the extent
of surface rippling. These findings enrich the understanding of laser-
driven RTI and are conducive to finding ways to suppress instability
growth and optimize the ion acceleration mechanism.

II. EFFECTS OF ELECTRON HEATING
Suppressing electron heating is difficult in the acceleration

process, even when a CP plane laser at normal incidence to the tar-
get surface is used.24,34,35 It has been demonstrated that the growth of
RTI mainly contributes to strong electron heating.21,35 To investigate
the effect of electron heating on the development of RTI and facil-
itate analytical progress, we analyze the influence of high electron
temperature first.

A. Theoretical model
The modeling of RTI growth in a uniformly accelerated plasma

target with a sharp interface driven by radiation pressure has been
reported in a number of studies.12,18–20 Here, a similar hydrody-
namic approach is taken, and the following assumptions are made to
investigate the effect of thermal pressure on the evolution of insta-
bility: (i) the laser radiation pressure P0 remains constant along the
interface, and modulation of the radiation pressure caused by target
deformation is not considered;18,19 (ii) the perturbed plasma remains
quasi-neutral, i.e., Z ñi = ñe. For simplicity, we assume an initial
planar foil in the x–y plane. We consider the ions to be nonrela-
tivistic and the laser pulse to be totally reflected, which is reasonable
during the early acceleration stage. For a small transverse ion density

perturbation ñi in a warm accelerated target with electron tem-
perature Te, the resulting perturbed forces acting on ions can be
expressed as follows:

∂ ṽix

∂t
= − ñi

ni0
g, (1)

∂ ṽiy

∂t
= −g

∂ η̃
∂y
− ZTe

mini0

∂ ñi

∂y
, (2)

where g is the acceleration, mi is the ion mass, Z is the charge num-
ber, ni0 is the initial target ion density, and η̃(y, t) is the surface
distortion of the target along the x direction. The surface distortion
η̃ depends mainly on the modulation of the longitudinal ion veloc-
ity,18 i.e., ∂ η̃/∂t = ṽix. The first and second terms on the right-hand
side of Eq. (2) represent the driving force of RTI and the thermal
pressure effect, respectively.

To close the equations, we also need the continuity equation
∂ ñi/∂t + ni0∂ ṽiy/∂y = 0. We take the Fourier transform by assum-
ing that all quantities are∝ exp[i(kyy − ωt)], and, after some further
calculations, we obtain the dispersion relation

ω2 − k2
yg2

ω2 = k2
yc2

s , (3)

where cs =
√

ZTe/mi is the ion acoustic speed. The root of Eq. (3) is
written as ω = ωr + iγ, where the imaginary part γ can be viewed as
the instability growth rate. This dispersion relation has two limiting
cases: (i) when Te = 0, γ =

√
gk, which is the classic RTI case; (ii)

when g = 0, ωr = kcs, which represents the ion acoustic wave. We
can also see that the driving force of RTI is given by

Fr = −mig
∂ η̃
∂y
= −ik

ñi

ni0

mig2

ω2 .

Meanwhile, the thermal pressure on the ions is given by

FT = −ikTe
ñi

ni0
(Z = 1).

Comparing these two forces, we find

σ = FT

Fr
= Teω2

mig2 ∝ −kyTe. (4)

Here, ω2 is the negative root of the quadratic equation (3), i.e.,

ω2 = 1
2(k2

yc2
s −
√

k4
yc4

s + 4k2
yg2). Thus, we find that the direction of

the force FT is always opposite to that of the driving force Fr , mean-
ing that thermal pressure has a suppressive effect on the growth of
RTI. We solve Eq. (4) numerically and plot the dispersion relation
in Fig. 1. When the electron temperature Te increases, the suppres-
sive effect becomes more obvious for SWMs. When the wavenumber
k is small, thermal pressure plays an insignificant role, even if the
electron temperature Te is high. Thus, our model shows that a high
electron temperature can suppress the growth of SWMs, while it has
almost no influence on the growth of LWMs.
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FIG. 1. Dispersion relation for the case g = 0.002c2
/λ.

B. Simulation results
To verify the above theory, we perform two-dimensional

PIC simulations using the SMILEI code.36 The simulation box is
30λ (x) × 20λ (y), with a resolution of 256 cells/λ, and each cell is
filled with 100 particles. A periodic boundary condition is adopted
in the y direction. The circularly polarized laser pulse enters the sim-
ulation box in the x direction. To reduce electron heating in the
interaction process, a uniform transverse profile and flat-top tem-
poral profile with an extremely short rising edge of 1T are set for
the laser pulse, where T is the laser period. The normalized ampli-
tude of the laser electric field is a0 = eE0/meω0c = 10, and the pulse
duration is 50T. The target is initialized as a hydrogen foil with
thickness l0 = 0.2λ and electron density ne0 = 20nc, where nc is the
critical electron density. The areal density of the target is matched
with the laser intensity,15 i.e., a0 ∼ πne0l0/ncλ. Two different ini-
tial electron temperatures, namely, Te0 = 0 and Te0 = 0.2mec2, are
considered to investigate the effect of electron temperature on the
instability growth. It should be noted that the thermal pressure in
the case of a high electron temperature is still much lower than the
radiation pressure in the longitudinal direction.

A comparison of the instability growth for the low-electron-
temperature (LET) and high-electron-temperature (HET) cases is
shown in Fig. 2. To better understand the growth of different modes,
a Fourier analysis of the target areal density is carried out:37,38

ñ(k, t) = ∣∫
Ly/2

−Ly/2
∫

Lx

0
n(x, y, t)eiky dx dy∣.

Figures 2(a) and 2(b) show the time evolution of the spatial spectra
of proton densities for the LET and HET cases, respectively. For the
LET case, as the interaction proceeds, the dominant mode km, which
has the highest amplitude, transforms from an SWM (k ∼ 10k0) to
an LWM (k ∼ 1k0), with k0 = 2π/λ. This is characteristic of RTI,
because SWMs have a higher growth rate than LWMs in the RTI
model,12 namely, γRT ∝

√
k. Similar results have also been observed

in many previous simulations.20,37,38 Since modes with different
scales are excited and grow, we can see in Fig. 2(c) a chaotic pattern
caused by the superposition of various modes in proton phase space
(y, Py). By contrast, the dominant mode is always around 2k0 from
the beginning of the linear stage for the HET case. The modulation
of the phase space (y, Py) also shows a regular structure, indicating
that SWMs are suppressed in this case.

FIG. 2. (a) and (b) Time evolution of spatial proton density ln [̃np(k, t)] in the
transverse direction. (c) and (d) Transverse momentum distribution of protons
ln[np(y, Py)] at t = 25T . (e) and (f) Corresponding transverse drift distance of
protons ln[np(y, δy)] at t = 25T . (a), (c), and (e) are for a cold target; (b), (d), and
(f) are for a warm target.

Furthermore, it is found that the maximum proton transverse
velocity vm ∼ 0.01c at t = 25T for both cases [Figs. 2(c) and 2(d)].
The ion transverse drift distance, defined as δy = y(t) − y(t0), can
be estimated as δy = viτ/2 ∼ 0.05λ. Here, t0 = 5T and τ = 20T. This
estimate agrees well with the simulation results shown in Figs. 2(e)
and 2(f). Since the ion drift distance is very short (δy≪ 2π/km =
0.5λ), the fastest ions cannot even traverse small mode wavelengths
such as k = 10k0 before 25T. This is in contrast to previous works
in which it was argued that SWMs are suppressed by ion transverse
diffusion.26,38

Our model not only shows that high electron temperature can
suppress the growth of SWMs, but also predicts that it has little
influence on the growth of LWMs. To verify this, we plot the time
evolution of the amplitudes of different modes ñp(k, t) in Fig. 3. For
the LWM k = 1.9k0, ñp grows exponentially, ñp ∝ eγt , with growth
rate γ = 0.49/T, and the growth rates are almost the same for the LET
and HET cases shown in Fig. 3(a). However, for the SWM k = 3.8k0,
the growth rate for the LET case is γ = 0.4/T, but for the HET case,
there is almost no initial growth of this mode. It should be noted
that the amplitude of this mode grows abruptly at t = 18T. This may
be because of the strong target modulation induced by the growth
of the dominant mode 1.9k0. A similar phenomenon was reported
when the development of RTI with an initial seed was investigated.37
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FIG. 3. (a) and (b) Comparison of growth rates at low and high electron temper-
ature for the LWM k = 1.9k0 and the SWM k = 3.8k0, respectively. (c) Temporal
evolution of averaged proton longitudinal momentum Px (blue, left axis) within the
whole simulation box, electron temperature (black, right black axis), and proton
beam energy spread Δε/ε0 (red, rightmost axis). Solid and dashed lines represent
the LET and HET cases, respectively.

A further discussion, however, is outside the scope of this
paper.

In the above two simulations, we have focused on the effect of
the initial electron temperature Te0. In fact, the electron tempera-
ture does not remain the same during the interaction process. In
Fig. 3(c), we plot the time evolution of the proton average longi-
tudinal momentum Px, the electron temperature Te, and the energy
spread Δε0/ε. Radiation pressure continuously accelerates the pro-
ton beam with low energy spread until τH = 30T (τL = 33T for the
LET case). The electron temperature has begun to increase during
the linear stage of instability growth in both the LET and HET cases.
This is in agreement with recent work in which it was argued that the
development of RTI contributes mainly to the electron heating in the
LS ion acceleration process.21 It should be noted that in our simula-
tions, a plane CP laser with a very short rising edge is employed to
suppress the electron heating caused by other mechanisms, such as
J × B heating,39 finite spot effects,11 and one-dimensional effects.34

Therefore, we can see that electron heating and the development
of RTI influence each other. RTI growth causes stronger electron
heating in the acceleration process. Meanwhile, a high electron tem-
perature suppresses only the growth of SWMs, and the growth of
LWMs, which are more dangerous for LS acceleration, is hardly
affected. Hence, it is found that for the HET case, the LS accelera-
tion is terminated earlier. Even in the LET case, since Te remains
low at the beginning, SWMs are excited and grow, but as the insta-
bility develops and the electron temperature increases, some SWMs
are prematurely saturated [see Fig. 2(a)].

In Fig. 4, we show that an ultra-thin “cold” target can be heated
up to ∼MeV in the early stage of instability when an ultra-intense

FIG. 4. (a) Proton density profile at t = 22T . (b) Proton phase space (y, Py) dis-
tribution at t = 22T . (c) and (d) Electron energy distributions at t = 15 and 22T .
(e) Time evolution of electron energy spectrum. In this simulation, the target thick-
ness l0 = 0.5λ and the electron density ne = 40nc . Other simulation parameters
are the same as in Fig. 2. The initial electron temperature is set as 10 eV.

laser pulse (a0 = 60) is used. The electron temperature Te reaches
1.2 MeV at t = 15T. At this moment, the interaction surface remains
flat [see Fig. 4(c)], indicating that it is at the early stage of instability.
As instability develops, electron heating increases in strength dur-
ing the linear stage. Since the early onset of strong electron heating
suppresses the growth of SWMs, only the LWM km ∼ 0.8k0 is excited
and grows [see Figs. 4(a) and 4(b)]. This finding is helpful in explain-
ing that although RTI favors the generation of SWMs, the dominant
RTI modes observed in many previous simulations are large-scale,
especially when the laser intensity is ultra-high.14,17,19

III. EFFECTS OF SURFACE RIPPLING
Previous studies have shown that transverse radiation pressure

modulation caused by surface rippling can enhance the growth of
the mode whose wavelength is close to the laser wavelength, making
the laser wavelength a dominant scale.18,19 Specifically, according to
Ref. 19, the modified RTI growth rate for a CP laser is given by

γ′RT = γRT

¿
ÁÁÀK(k)

2k
+
√

K(k)2

4k2 + 1, (5)

where

K(k) = 2k2
0 − k2

2
√

k2 − k2
0

.
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For the mode k ∼ k0, γ′RT ≫ γRT , but when k >
√

2k0, γ′RT turns out
to be less than γRT , indicating that subwavelength mode growth can-
not be enhanced by the radiation pressure modulation effect. On the
other hand, a dominant scale shorter than the laser wavelength is
observed in our simulations (∼0.5λ), as well as in some previous
simulations.19,40 We also notice that the growth rate in the simula-
tions is much higher than the prediction of RTI theory. The growth
rate for the dominant mode k = 1.9k0 is γs = 0.49/T, as shown in
Fig. 3. However, the corresponding RTI growth rate is γRT =

√
gk

= 0.16/T, and the modified RTI growth rate is only γ′RT = 0.14/T.
The acceleration here is g = P0/mpn0l0 = 0.013c2/λ, which agrees
fairly well with the simulation results. Therefore, the effect of sub-
wavelength surface rippling on instability growth may be related to
other more detailed interaction processes.19

Owing to the quasi-neutrality assumption adopted in previous
RTI models as well as in our model in Sec. II A, the role of electron
dynamics in the instability evolution cannot be fully described. It has
recently been proposed that the electron–ion coupling effect from
density nonuniformity, taking account of the ponderomotive contri-
bution from the term vey∂Pey/∂y in the electron equation of motion,
can provide the mechanism for the transverse instability.24,41 We
study the effect of ponderomotive expulsion of electrons induced
by surface deformation during the RTI growth. The laser electric
field modulation from a deformed interaction surface can give rise
to an oscillatory ponderomotive force, which directly modulates the
transverse electron motion and significantly enhances the growth of
RTI. It is a very complicated task to give a self-consistent theoretical
account of the effect arising from the term vey∂Pey/∂y for a growing
distorted interface, and so here we give a simple derivation of the
ponderomotive force due to surface deformation and discuss how it
affects instability growth.

Following the assumptions and derivation in Ref. 19, we
consider normal incidence of a CP laser on perfectly reflective

and shallow gratings, which is similar to the situation when RTI
grows and the target surface begins to deform. The grating depth
η is assumed to be small compared with the laser wavelength.
The electric field of the normally incident CP laser is written as
Ei = (Ei0ŷ + iEi0ẑ)eik0x−iω0t . For simplicity, we consider only the field
in the y direction. We divide the field into zeroth- and first-order
parts: Ey = Ey0 + Ẽy. The first-order part Ẽy is the modulated electric
field caused by surface rippling, which can be represented as19

Ẽy = −ikηEi0eiky. The zeroth-order electric field Ey0 = Ei0eik0x

+ Er0e−ik0x, which is independent of the position y. Here, Ei0 and
Er0 are the zeroth-order electric field intensities for the incident
and reflective lasers, respectively. Thus, the ponderomotive force is
given by

Fp = −vey0
∂P̃ey

∂y
= − e2k2η

2ω2
0me

Ey0Ei0eiky(1 − sin 2ω0t). (6)

The enhancement of instability growth comes from the non-
oscillatory term of this ponderomotive force, which depends on the
extent of rippling, i.e., on kη. As the rippling grows, the effect of
ponderomotive expulsion will become stronger, leading to faster and
stronger electron density modulation. The latter enhances transverse
ion density fluctuations further, and thus the surface deformation
is more severe. A positive feedback loop is formed, and instability
growth is enhanced. Meanwhile, the oscillatory term of the pon-
deromotive force will make some electrons oscillate around the ion
density “nodes.” Hence, electron surface oscillation (ESO) at 2ω0
can be excited during RT instability growth in the LS acceleration
process, although, to the best of our knowledge, this has not been
reported so far.

Obviously, the enhancing effect of surface rippling depends
on the extent of surface deformation. From Eq. (1) and the equa-
tion ∂η̃/∂t = ṽix, we obtain η̃ = (g/ω2)ñi/ni0, which means that both

FIG. 5. (a) Proton density profile at t = 25T (ne0 = 20nc). The inset shows the transverse electron (green line) and proton (black line) density profiles. (b) Growth of the
dominant mode (k = 1.9k0) for electron and protons. The inset shows the Fourier analysis of electron mode growth. (c) Time evolution of transverse electron density
fluctuation (ne − ne0). (d) and (e) The same as (a) and (b) but for the case ne0 = 80nc . (f) Ratio of the growth rate from simulations and that predicted by RTI theory (red
line) and LS termination time (blue line) vs electron density. The dominant mode wavenumbers are 1.9k0, 1.4k0, 1.1k0, and 1.4k0, respectively.
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the density nonuniformity ñi/ni0 and the acceleration g contribute
to surface deformation. When the target density (or thickness) is
increased, the acceleration g will decrease and RTI growth will
become slower, reducing density modulation. Hence, the surface
rippling will become smaller and the enhancement of instability
growth will be suppressed.

To confirm the role of surface rippling in laser-driven RTI
growth, we perform a series of 2D PIC simulations with targets of
different density, while the other parameters remain the same as
those in Fig. 2(b). The results are shown in Fig. 5. The enhance-
ment of instability growth is characterized by the excitation and
development of 2ω0 transverse ESO. Figure 5(b) shows the growth
of the dominant mode (k = 1.9k0) for electron and proton den-
sity perturbations for the case ne0 = 20nc. The amplitude of electron
density perturbation oscillates with a frequency around 2ω0 and
grows exponentially at a rate γe = 0.55/T that is higher than that
of protons (γp = 0.49/T). Hence, electrons reach saturation sooner
than protons: t = 23 vs 25T. This direct ponderomotive expulsion of
electrons enhances RTI growth.

When the electron density is increased to 40nc and to 60nc,
we still observe a 2ω0 ESO. However, when ne0 = 80nc, the accel-
eration g is decreased further, and only an extremely small surface
deformation can be seen in Fig. 5(d). The enhancing effect of the
surface rippling on instability growth becomes very limited. The
growths of the electron and proton density modulations are almost
the same. Since Ẽy is very weak, the electron density is modulated
transversely by the zeroth-order electric field Ey0 at the laser fre-
quency [see Fig. 5(e)]. A 2ω0 electron density oscillation is seen
after the development of sufficiently large surface deformation in
the late stage of instability growth. From Fig. 5(f), we can see that
with increasing target electron density, the ratio of the growth rate
from the simulation γs and the modulated RTI growth rate from RTI
theory γ′s decreases, indicating that the enhancing effect of surface
rippling on the growth rate is suppressed, which also agrees well
with our prediction. The ratio γs/γ′s can eliminate the influence of
the difference between the dominant mode wavenumbers in these
cases.

As well as the growth rate, the termination time τLS of LS
acceleration is also employed to show the relationship between the
enhancing effect of surface rippling and the electron density in a
more straightforward way. In Fig. 6(a), we plot the time evolu-
tion of the accelerated proton averaged longitudinal momentum Px.
According to the equation of motion dPx/dt = P0/mini0l0, the accel-
eration g in our simulation agrees with theory for all cases. We define
the termination time τLS as the time at which Px stops growing. As
the electron density is increased from 20nc to 80nc, the termination
time τLS increases from 25 to 50T [see the blue line in Fig. 5(f)]. Fur-
thermore, we see that the termination time is proportional to the
electron density, τLS ∝ ne0, suggesting that the instability growth is
enhanced by a stronger surface deformation when a lower electron
density is used, because the termination time in the traditional RTI
theory should be proportional to the square root of the electron den-
sity, i.e., τLS ∝ γ−1

RT ∝ g−1/2 ∝ n1/2
e0 . For the case ne = 80nc, the beam

quality of a narrow energy spread is maintained for the longest time.
However, because the acceleration g is lowest, the longest LS accel-
eration time cannot yield the highest proton energy. By contrast, for
the case ne = 20nc, since the laser continues to interact with the tar-
get after the termination of LS acceleration in our simulation, the

FIG. 6. (a) Temporal evolution of proton average longitudinal momentum Px within
the whole simulation box for the cases ne0 = 20nc , 40nc , 60nc , and 80nc . The
dashed lines show the accelerations in the LS phase, which are 0.012c2

/λ,
0.006c2

/λ, 0.004c2
/λ, and 0.003c2

/λ. (b) Proton energy spectra at t = 50T from
2D simulations with ne = 80nc (blue), 60nc (green), 40nc (orange), and 20nc

(red). The inset shows the time evolution of the proton cutoff energy for the case
ne = 20nc .

proton cutoff energy is still increasing because of thermal pressure
acceleration42,43 [see the inset in Fig. 6(b)], and thus the highest cut-
off proton energy is obtained. Thus, increasing the density could
suppress instability growth, but may not be able to increase the
proton energy.

In Fig. 7, a large-scale parameter scan is performed to vali-
date the enhancing effects of surface rippling and to show that the
LS termination time is related to the electron density. We vary the
laser intensity a0 from 10 to 40. Correspondingly, the areal density
σ = ne0l0 is changed from σop to 4σop by increasing the density, not
the thickness. The optimal areal density σop = a0ncλ/π. We find that

FIG. 7. (a) Dominant frequency of electron density modulation ωm and (b) LS
acceleration termination time τLS obtained from a series of 2D PIC simulations.
The laser intensity a0 and the areal density σ = ne0 l0 are varied. For each laser
intensity case, the areal density is increased from σop to 4σop.
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a 2ω0 ESO is excited over a wide range of laser and target parameters.
Owing to the Doppler effect, the dominant oscillation frequency
ωm continues to become smaller than 2ω0 as the acceleration g is
increased by using a higher laser intensity or a lower target areal
density. For each laser intensity, increasing the target density always
leads to a longer acceleration time. Counter-intuitively, we also find
that in the case of the optimal areal density, as the laser intensity
is increased, there is not a reduction in the termination time, which
instead becomes a little longer. This suggests that high laser intensity
facilitates the stabilization of LS acceleration.12,22

Our findings have important implications for optimizing LS
acceleration. If the target density is increased, instability is sup-
pressed, but the proton energy cannot be enhanced. Instead of
pursuing a longer acceleration time, it could be better to finish ion
acceleration with high efficiency and an accelerating gradient within
a short time period before the target is destroyed by RTI growth.
Our previous work44 demonstrated that high-power few-cycle lasers
possess the advantages of producing higher ion energy with higher
laser-to-ion energy conversion efficiency compared with multi-cycle
lasers. This is also in agreement with recent work in which it was
argued that ultrashort lasers could limit the acceleration time to
obtain higher ion energy before the full growth of RTI.21 With devel-
opments in laser technology, particularly the thin-film compression
method,45 high-power few-cycle lasers may be able to fully harness
the promise of RPA to produce high-quality ion beams for a wide
range of applications.

IV. CONCLUSION
Previous work has shown that the growth of RTI in LS accel-

eration would cause strong electron heating and surface rippling. In
this paper, we have shown that these effects could play an impor-
tant role in the evolution of RTI itself, indicating that they interact
with RTI in a complex way. We have found that electron heating in
the early acceleration stage is the main reason why only large-scale
instability modes have been observed in numerous LS acceleration
simulations. The growth of SWMs is suppressed by high electron
temperature, although RTI favors SWM growth. Furthermore, we
have found a new mechanism that could significantly enhance the
growth of RTI. The laser electric field modulation caused by sur-
face rippling generates an oscillatory ponderomotive force, driving a
stronger electron density fluctuation. Fourier analysis has revealed a
2ω0 ESO, which could be seen as a signature of this mechanism. Our
results suggest that apart from purely hydrodynamic RTI driven by
radiation pressure, these inherent effects related to electron motion
need to be considered to better clarify the mechanism of transverse
instability occurring in LS acceleration. These findings improve our
understanding of RTI growth in the RPA process and have impor-
tant implications for the optimization of future laser-driven ion
acceleration.
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