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The process of radiation pressure acceleration (RPA) of ions is investigated with the aim
of suppressing the Rayleigh–Taylor-like transverse instabilities in laser–foil interaction.
This is achieved by imposing surface and density modulations on the target surface. We
also study the efficacy of RPA of ions from density modulated and structured targets in the
radiation dominated regime where the radiation reaction effects are important. We show
that the use of density modulated and structured targets and the radiation reaction effects
can help in achieving the twin goals of high ion energy (in GeV range) and lower energy
spread.
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1. Introduction

Radiation pressure acceleration (RPA) of ions has attracted significant attention in the
last two decades (Esirkepov et al. 2004; Pegoraro & Bulanov 2007; Robinson et al. 2008;
Chen et al. 2009; Macchi, Veghini & Pegoraro 2009; Chen et al. 2011; Palmer et al. 2011;
Dollar et al. 2012; Khudik et al. 2014; Eliasson 2015; Wan et al. 2018; Wang, Khudik
& Shvets 2021). The two important characteristics of RPA are the higher laser energy
conversion to the ions and the quality of the ion energy spectrum. Due to these reasons
the ion beams accelerated by the radiation pressure can have ultrashort pulse duration,
and extremely high peak energy needed for applications in many areas (Roth et al. 2001;
Borghesi et al. 2002; Atzeni & Meyer-ter Vehn 2004; Li et al. 2006; Mackinnon et al.
2006; Daido, Nishiuchi & Pirozhkov 2012; Honrubia & Murakami 2015) including ion
beam therapy (Malka et al. 2004).

The idea of using plasma as a medium to accelerate charged particles under
electromagnetic waves and the use of the photon beams for sailing are not new; they
were already being discussed in the 1950s (Veksler 1957; Garwin 1958; Tsu 1959). The
proposal to use lasers for interstellar travel was discussed by R. Forward in 1962 (McInnes
1999; Forward 1984) and later on reinvented by Marx (1966), who first worked out the
equation by considering a simple model of a mirror accelerated by a laser pulse (Marx
1966; Forward 1984). This line of thought is not in the realm of science fiction, and the
photon sail can accelerate the interstellar probe to approximately 20 % of the velocity of
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light within minutes (Heller & Hippke 2017). The idea of RPA also has its genesis in
the work of Einstein when he studied the reflection of light from a mirror and deduced
that the ratio E/ω, where E is the electric field and ω is the frequency of the light,
is an invariant. This invariant was later found out to be the Planck constant (E = �ω),
which Einstein subsequently used to explain the photoelectric effect (Pauli 1981). With the
availability of ultraintense lasers Il ∼ 1023 W cm−2, in the near future (xce 2017; cil 2019;
vul 2020; eli 2021), the RPA of ions has the potential to produce high-energy ion beams
with higher energy conversion efficiency compared with other mechanisms of laser-driven
ion acceleration (Forslund & Shonk 1970; Silva et al. 2004; Haberberger et al. 2012; Liu
et al. 2016). Apart from the technological requirements for the efficient RPA of ions, e.g.
the need for the high-contrast, large focal spot size of the ultraintense laser pulse, the issue
of the transverse instabilities remains important. The onset of the transverse instabilities
limits the effectiveness of the RPA of ions. The onset and physical mechanisms of these
transverse instabilities have been recently studied focusing on the intrinsic origin of the
instability (Pegoraro & Bulanov 2007; Khudik et al. 2014; Eliasson 2015; Wan et al.
2018, 2020). Several methods, e.g. tailored electromagnetic pulses with sharp intensities
(Pegoraro & Bulanov 2007), modulation of the RPA (Bulanov et al. 2009) and the use of
surface modulated targets (Chen et al. 2011) have been proposed to alleviate the influence
of the transverse instabilities on the RPA of ions. Moreover, in the ultrarelativistic regime
of the laser plasma interaction, envisaged in eli (2021), cil (2019), xce (2017) and vul
(2020), the effect of the radiation reaction (RR) force in the laser-driven electron dynamics
has to be taken into account (Chen et al. 2010; Macchi et al. 2011).

In this paper, we study not only the RPA of ions from the density modulated and
structured targets, but we also study the influence of the RR force on the development
of the transverse instabilities from density modulated and structured targets. This paper
is organised as follows: In § 2.1, we discuss the parameters of the particle-in-cell (PIC)
simulations, followed by the energy spectra of the accelerated ions in § 2.2. Afterwards,
we analyse the Rayleigh–Taylor-like transverse instability (RTI) growth rate for surface
modulated targets in § 3.1 and follow-up with the Fourier analysis of the ion density
fluctuations in § 3.2. Before we conclude in § 4, we briefly show the results from a
simulation run having a laser pulse with spatial Gaussian profile interacting with a target
consisting of both density and surface modulations.

2. PIC simulations set-up and results

We first begin by showing the results on the RPA of protons in ultrarelativistic regimes
from the density modulated and structured targets. Afterwards, we extend the results to
the radiation dominated regime including the effect of the RR force on the RPA of protons
from the density modulated and structured targets.

2.1. PIC simulations set-ups and shapes of structured and density modulated targets
For PIC simulations, we use the open source PIC code SMILEI (Derouillat et al.
2018). We carry out two-dimensional (2-D) in space and three-dimensional (3-D) in
velocity simulations employing a simulation box of size Lx × Ly = 18λL × 10λL, where
λL = 0.8 × 10−6 m is the laser wavelength. Thus, for �x = �y = 0.06λL, it yields
1800 × 1000 cells in the simulation box. This resolution is comparable or smaller than
the previous studies on ion acceleration (Esirkepov et al. 2004; Pegoraro & Bulanov
2007; Haberberger et al. 2012; Zigler et al. 2013; Wang et al. 2021). The time step
of the simulation is 4.19 × 10−2τL, where τL = 2π/ω0 = 2.67 fs is the laser period,
corresponding to a total of 1.5 × 104 iterations. For the sake of computational efficiency,
we take protons instead of high-Z ions. We use 16 particles per cells per species for PIC
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simulations. The plasma is fully ionised with a maximum density of ne = 250 nc, where
nc = ω2

0me/4πe2 = 4.36 × 1023 cm−3 is the non-relativistic critical density for the laser
pulse of frequency ω0 = 2.36 × 1015 s−1 corresponding to the Ti:Sa laser pulse system.
Here e and me are the electronic charge and mass, respectively. Plasma ions are assumed
to be cold, however, the plasma electrons have a small temperature, Te ∼ 10−3 mec2,
where c the velocity of light in vacuum. We employ a moving window in our PIC
simulations. At the onset of the moving window, the circularly polarised laser pulse
injection into the simulation is turned off. Consequently, we have a finite laser pulse
duration in our simulations. The laser pulse is turned off when the moving window
starts in the simulations, effectively limiting the pulse duration. For the flat target, we
have pulse duration t/τL ≈ 35 fs and for density and surface modulated targets, we have
t/τL ≈ 30 fs. Since the velocity of the moving window, υmov, closely follows the group
velocity of the laser pulse which in turn depends on the laser and plasma parameters,
we have different velocities in the range υmov = (0.67 − 0.84)c of the moving window.
The optimum target thickness for the RPA is given by ξ � a0, where ξ = πned/ncλL,
d is the target thickness and a0 = eE0/meω0c is the dimensionless amplitude of the
circularly polarised laser pulse (Macchi et al. 2009). For a0 = 150 and ne = 250 nc,
we get d � 0.19λL. Notwithstanding technological improvements, manufacturing of the
structured targets is always challenging. Thus, from the point of view of manufacturing
structured targets and limiting the deleterious prepulse effects, thicker targets (d ≥ 1.0λL)
may be preferred over ultrathin targets (d � 1.0λL) for performing experiments.

Since we are interested in studying the physics of competitive mode feeding of
the RTI-like transverse instabilities, we exclude other effects occurring due to the
spatiotemporal shapes of the laser pulse. Figure 1 shows the targets with different
modulations. The profiles in figure 1 are described mathematically as follows: In
figure 1(a) the density modulated target with width (d = 1.0λL) has a spatial density
profile, n(x, y) = neam[3 + cos(kmy)]/2, where ne = 250 nc. This yields minimum density
nmin = am ne. Figure 1(b) describes the rippled plasma density target with the width (d =
1.0λL), with the ripples being located in the region, d + am cos(kmy) ≤ x ≤ d + am, having
the spatial density as n(x, y) = ne[am cos(kmy) − am]. Figure 1(c) depicts the structured
target with rectangular grooves, which are located in the region d − am ≤ x ≤ d + am, and
the spatial density profile reads as, n(x, y) = ne[am cos(kmy) − am]. Finally, figure 1(d)
depicts the target with ripples imposed on the left-hand side. The target has ripples
localised in the region, d − am cos(kmy) ≤ x ≤ d + am, with a constant plasma density
ne in this case. The targets with a width d = 1.0λL are located in the region 1.0λL ≤ x ≤
2.0λL, while the targets with a width d = 2.0λL are located in 1.0λL ≤ x ≤ 3.0λL in all
cases. Parameter am is a dimensionless number showing the modulations in the density,
while km is normalised with the laser wavevector kL in all cases. We not only change
the wavelength of the modulations, λm (normalised to λL), but also the amplitude of the
modulations am in figure 1(a–d).

2.2. Energy spectra of ions
Figure 2 shows the energy spectra of different targets. One can immediately see that
modulating the target density leads to improvement not only in the quality of the
energy spectra captured in the full width at half maximum (FWHM), but in the
case of the density modulated target (figure 1a), it also results in higher energy gain
with significantly smaller FWHM (�E/E ∼ 12 %) in comparison with other modulated
targets and remarkably smaller compared with the flat target (�E/E ∼ 26 %) case. The
lower number of accelerated ions in the case of the density modulated target can be
attributed to both lower target mass in the beginning and also a slight loss (∼4 %)
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FIGURE 1. (a) Density modulated target (dm), (b) rippled target with changing plasma density
(rpg), (c) surface modulated target with rectangular grooves (rec) and (d) rippled target with
constant plasma density (rp). The colourbar denotes the normalised plasma density ne/nc.
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FIGURE 2. Kinetic energy of ions for different targets from figure 1 with modulation
parameters, km = 2 and am = 0.25 at t/τL = 440. The other parameters are a0 = 150, ne =
250nc and d = 1.0λL in each case. The y axis represents the proton numbers, N per unit
length. Moving window velocities are υmov = 0.8 c for dm target, and υmov = 0.75 c for surface
modulated and flat targets.

of the target mass in the interaction process (see supplementary material available at
https://doi.org/10.1017/S0022377821001070). The maximum energy of protons in figure 2
are slightly smaller than the analytical scalings. The analytical scaling of proton
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FIGURE 3. Evolution of the ion density and the normalised laser electric field a0 for (a) a
density modulated target (km = 2, am = 0.25) and (b) the flat target, for a0 = 150. Both targets
have d = 1.0λL width. The results are shown at t/τL = 144. The other parameters are the same
as in figure 2.

energy, reproduced here again for completeness, reads as Ek = Ampc2(γf − 1), γf = (1 −
β2

f )
−1/2, βf = [(1 + E)2 − 1]/[(1 + E)2 + 1] and E = 2π(Z/A)(me/mp) a2

0 τ/ξ , where mp
is the proton mass, τ is measured in the units of the laser period, τL, and Z and A are the
atomic and mass numbers, respectively (Macchi et al. 2009). For the flat target (τ = 35) in
figure 2, Ek ∼ 1.01 GeV while for the density modulated target (nmax

e = 125nc, τ = 30), it
yields Ek ∼ 2.05 GeV. These values are a bit higher than observed in figure 2. As expected,
the lower plasma density for the density modulated target leads to higher proton energy
gain, but it alone cannot account for the lower FWHM of the proton energy spectrum
observed in figure 2. Since, the modulations in the ion beam spectra are a good evidence
of the growth of the RTI (Chen et al. 2010; Palmer et al. 2012; Sgattoni et al. 2015), it is
apparent that the use of a density modulated and structured target is efficient in suppressing
the long-wavelength modes of the RTI-like interchange instabilities (see movies). We
explain this in terms of the competitive feeding of different modes in the RPA of protons
later in § 3.2. Figure 3 shows a snapshot from the movies (see also supplementary movies)
on the ion density and laser electric field evolutions. One can immediately notice the
onset of the RTI-like instabilities for the flat-target case (figure 3b) while the density
modulated target (figure 3a) does not show the surface rippling associated with the
RTI-like instabilities leading to the breakup of the target at later times.

The stronger impact on the proton energy spectrum in the case of the density modulated
target (figure 1a) points to the physical mechanism of the RTI-like interchange instability
in the RPA regime of involving the coupling of both electron and ion modes (Wan et al.
2018). Not only the choice of the modulation wavevector km = 2, but also the choice
of modulation amplitude am affect the late-time evolution of the ion energy spectrum.
Figure 4 captures this dependence showing the evolution of the FWHM dm target for
different modulation parameters. We record Emax and its FWHM at every simulation
time step. Figure 4 shows these discrete data points (raw-data method) together with the
Gaussian fitting (Gaussian fit method) of the simulation results. The difference between
the two methods (Gaussian fit and raw data methods) can be attributed to the lack of
clear single peak formation in the energy spectra, especially at early- and late-times.
We also take into account error propagation of the Gaussian fitting. On defining the
energy spread as V = �E/E, the error in energy spread σV can be estimated as σV =√

(σ�E/E)2 + (σE�E/E2)2, where σE and σ�E represent the standard deviations in the
energy and the energy spread, respectively, of the ion beam. The oscillations in the energy
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FIGURE 4. Evolution of the �E/Emax with time. The colourbar denotes the Emax (in MeV)
in each case. (a) The flat target, (b) dm with km = 1, am = 0.50, (c) km = 2, am = 0.50 and
(d) km = 2, am = 0.25. The target width is d = 1.0λL in each case. The green line is the sought
limit of �E/Emax = 0.05 (5 %). The other parameters are the same as in figure 2.

spectra occur because the FWHM and Emax in figure 4 do not show the same temporal
development. The stretching of the oscillations in the ion energy spectra is related to the
speed of the target relative to the E-field of the laser, and the amplitude of the energy
oscillations is related to the wavevector of the density modulations. For comparison we
also plot the FWHM of a flat target in figure 4. One can notice that in the case of the flat
target, the FWHM increases with time, while for the density modulated target (figure 4b), it
remains lower for a longer duration. On changing the amplitude of the density modulation
(am = 0.25) as in figure 4(d), the FWHM remains lower and stable for longer durations
but shows the disruption in the ion energy spectrum at later times. Thus, an optimisation
in value of modulation parameters is required.

2.3. Parameter maps for the optimised RPA of ions
Figure 5 shows the maps depicting the dependence of the proton energy and its spread
on am and km for the density modulated targets with different thicknesses. Figure 5(a,b)
show the FWHM and maximum ion energies for a density modulated target with the
target thicknesses, d = 1.0λL and d = 2.0λL, respectively. These maps are generated from
the 12 simulation data points interpolated using a cubic interpolation scheme. One can
observe a few trends quickly. First, for the thinner target (d = 1.0λL, figure 5a,b), the
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FIGURE 5. Parameter maps for the ion energy spectra (�E/Emax, panels (a,c)) and ion
acceleration energies Emax (in MeV, panels (b,d)) with am and km for the density modulated
target. Panels (a,b) and (c,d) correspond to the targets with d = 1.0λL and d = 2.0λL widths,
respectively. Please notice that here and afterwards, unless stated otherwise, km is normalised
with the laser wavevector kL, while am is a dimensionless number as mention before in § 2.1.
The small circles are data points used for the interpolation. The other parameters are same as in
figure 2.

optimum range for am extends to am ≈ 0.35 while the range of km shrinks to km ≈ 3. For a
thicker target (d = 2.0λL, figure 5c,d), the preimposed modulations have only a beneficial
effect for am � 0.25 and km ∈ (2, 5). This can be understood based as follows: for a fixed
a0, the thinner target has lower target mass and consequently lower ξ , resulting in the
dominance of the RPA mechanism and higher ion acceleration energies for the d = 1.0λL
target (compare figures 5b and 5d). Large am and km facilitate stronger absorption of the
laser pulse, resulting in the stronger electron heating that can lower the RPA of ions and
degrade the FWHM of the ions for a thick target (d = 2.0λL), presumably due to the TNSA
process playing a role. Further increasing the am for a d = 1.0λL target, one again reaches
the regime of stronger laser penetration and heating of the plasma electrons resulting in
lower proton energy gain and degradation in the proton spectrum quality possibly due to
the effect of the TNSA process (Andreev et al. 2011; Zigler et al. 2013; Ferri et al. 2020).

Figure 6 shows the same parameter maps for other surface modulation shapes as in
figure 1. Here, the parameter maps are generated from 16 simulation data points. First, it
can be seen that all maximum energy peaks are roughly identical, i.e. all surface modulated
targets have similar values of Emax, which is smaller compared with the density modulated
target as shown in figure 5. The trends for the optimum value of km are similar in the cases
of rectangular and rippled grooves, but a nonlinear behaviour for the rippled grooving
with varying (rpg) density is observed. In general, a larger value of am, e.g. am ≥ 0.2,
leads to a smaller FWHM of the ion energy spectra with km being largely centred between
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FIGURE 6. Parameter maps for am and km for target thickness d = 1.0λL. The colourbars denote
(a,c,e) �E/Emax and (b,d, f ) Emax. Panels (a,b), (c,d) and (e, f ) show structured targets viz. (a,b)
rec, (c,d) rp, (e, f ) rpg, respectively. The other parameters are same as in figure 2.

2 < km < 5 (except for the rpg shape). The corresponding values of Emax are essentially
following the same pattern as for the corresponding FWHM of the energy spectra. The
higher acceleration energies for larger am and km ≤ 2, can be explained by the locally
enhanced electric field and higher absorption of the laser field in different targets. The
different behaviour in the three cases exemplify the different evolutions of the RTI-like
interchange instabilities due to perturbations fed by different structured targets. To study
this we carry out fast Fourier transforms (FFT) of the ion plasma densities and the results
are discussed in § 3.2.

2.4. RR effects on the RPA of ions from density modulated and structured targets
We also performed simulations including the effect of the RR on the RPA of ions
from density modulated and structured targets. The SMILEI code includes both
Landau–Lifshitz and quantum description of the RR force (Derouillat et al. 2018). For
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FIGURE 7. Kinetic energy of ions for different targets with modulation parameters km = 2,
am = 0.25, at t/τL = 314 with RR (a0 = 250). The target width is d = 1.0λL in each case.
Moving window velocities are υmov = 0.84 c for dm target, and υmov = 0.8 c for surface
modulated and flat targets.

this we used the same structured and density modulated targets as in § 2.1. Figure 7 shows
the results on the ion energy spectra from the structured and density modulated targets for
a0 = 250. One can see that the use of the density modulated and structured targets results
in the lower FWHM of ions compared with a flat target. However, compared with the
other structured targets, the biggest reduction occurs in the case of the density modulated
target which shows the FWHM of the ion energy spectrum to be ∼15 %. For this value
of a0, one may begin to see the influence of the RR force in laser–plasma interaction. In
order to further examine the role of the RR force and the target widths on ion acceleration
from the density modulated target, we show in figure 8 and figure 9 the best results with
RR (a0 = 250 for figure 8 and a0 = 350 for figure 9) for the two target widths (panels
(a) and (b)). In order to compare the results, we kept am and km same in figures 8(a) and
8(b) (am = 0.25 and km = 2) and also in figures 9(a) and 9(b) (am = 0.5 and km = 2).
Moreover, we also show the results for a0 = 150 for comparison in each respective case,
which facilitate the comparison with the respective no radiation reaction force limiting
case since RR effects are significantly weaker at a0 = 150. For a target with d = 1.0λL
width (figures 8a and 9b) in each case, the ion energy gain is higher compared with the
thicker target d = 2.0λL (figures 8c and 9d). Also ions gain larger energies for dm (dashed
green line) target compared with the flat target (solid red line) in figures 8 and 9. These
trends can be explained on the basis of the lower target mass in respective cases, since
the lower target mass is expected to result in ions acquiring higher energies in accordance
with the scalings of RPA of ions; this is also discussed in § 2.2 (Macchi et al. 2009). Also
with the inclusion of the RR force, the density modulated target continues to show the
higher ion energy gain and lower FWHM, compared with the flat target case. However,
the trend with respect to FWHM of the ion energy spectra shows interesting features. The
ion energy spread is lower for the thicker target; the FWHM ∼12 % for d = 2.0λL width at
a0 = 250 in figure 8(b). But it is smaller for the thinner target (d = 1.0λL) case when the
RR force is strong, see figure 9. Thus, the thinner target (figure 9a) shows not only higher
ion energy (∼2.5 GeV) but also lower energy spread (FWHM = 14 %), yielding the best
results in the radiation dominated regime. Moreover, the density of the accelerated ion
bunch is also higher at higher a0 in figure 9 compared with figure 8. This highlights the
nonlinear role of RR force for the density modulated target.
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FIGURE 8. Kinetic energy of ions for different modulations for km = 2, am = 0.25, at
(a) t/τL = 314 (d = 1.0λL target width) and (b) t/τL = 394 (d = 2.0λL target width) with
RR (a0 = 250). The dm (blue dotted) and no modulation (orange dashed) lines are for a0 =
150. Panel (a), moving window velocities are υmov = 0.80 c (0.75 c) for flat, and υmov =
0.84 c (0.80 c) for dm targets at a0 = 250 (a0 = 150). Panel (b), moving window velocities are
υmov = 0.75 c (0.75 c) for flat, and υmov = 0.75 c (0.67 c) for dm targets at a0 = 250 (a0 = 150).

3. Interpretation of the PIC simulation results

First we briefly discuss the theoretical analysis of the RTI-like transverse instability
from the surface modulated targets. Afterwards, we carry out the Fourier analysis of the
ion density oscillation and discuss the development of the RTI-like transverse instability
for density modulated and structured targets including the effect of the RR force.

3.1. Theoretical analysis of the transverse instability from surface modulated targets
To understand the behaviour of the transverse instability development, we calculate the
growth rate of the RTI-like transverse instability in the RPA regime of ions for surface
modulated targets. We wish to stress that although we follow the analysis of Pegoraro
& Bulanov (2007), we analytically also consider the effect of the preimposed density
modulation on the development of the RTI-like instabilities, which was not considered
before in Pegoraro & Bulanov (2007) and Bulanov et al. (2009). Bulanov et al. (2009)
considered the effect of modulating the laser field in PIC simulations and theoretically
allowing for temporal variation of the target mass density in the transverse direction.
This is different from our set-up since we impose modulations which have only spatial
dependence. The evolution of these modulations, in feeding different modes of the RTI,
is self-consistently simulated in PIC simulations. Most importantly, our emphasis on
explaining the competitive feeding of different modes of the RTI was not done in earlier
works. Notwithstanding the fact that the analysis is carried out for the surface modulated
targets, one can also gain valuable physical insights for the density modulated target.
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FIGURE 9. Kinetic energy of ions for different modulations, km = 2, am = 0.50, at (a) t/τL =
307 for d = 1.0λL target width, (b) t/τL = 394 for d = 2.0λL target width with RR (a0 = 350).
The dm (blue dotted) and no modulation (orange dashed) lines are for a0 = 150. For a0 = 350,
we have υmov = 0.80 c for flat targets (in both panels); for dm targets, υmov = 0.84 c and υmov =
0.75 c in (a,b), respectively. Moving window velocity is same for a0 = 150 as in figure 8.

We also do not take into account the variation in the radiation pressure (included in PIC
simulations) due to the surface density modulations as studied before in lower a0 and n0
limits (Eliasson 2015; Sgattoni et al. 2015). These studies suggest that preimposed surface
modulations can lower the growth rate of short-wavelength perturbations of the RTI-like
instability, and importantly the growth rate of this instability becomes higher around the
laser wavelength due to the plasmonic effects (Eliasson 2015; Sgattoni et al. 2015). In
our simulations (shown later in Fourier transforms), we do not observe these trends. It
appears that for our parameters (higher a0 and ne), plasmonic effects discussed before are
not dominant and consequently we can ignore them in the theoretical analysis. We briefly
recall here the key points involved in the development of the analytical model to describe
the interchange instability development for surface modulated targets. The equation of
motion for a thin-foil target driven by the radiation pressure is written as

dpi

dt
= N

σ0
εijk ∂ζ xj ∂ηxk, (3.1)

where N = (E2/2π)(1 − β)/(1 + β), β = υ/c is the relativistically invariant pressure,
E is the electric field of the laser pulse, εijk is the Levi-Civita tensor, σ0 = n0l0 (n0 and l0
are the foil density and thickness, respectively) is the initial surface mass density, px,y =
mi c βx,yγ, γ = (1 − β2)−1/2, ϕ, ζ, η is a set of curvilinear coordinate system to describe
the evolution of a differential element of the thin foil. So motion of any point r on the
surface of the thin foil is defined as r[x(ξ, ζ, η), y(ξ, ζ, η), z(ξ, ζ, η)]. The x and y
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components of (3.1) read as (Pegoraro & Bulanov 2007; Bulanov et al. 2009)

dpx

dt
= E2

2πσ0

(mi c γ0 − p0
x)

(mi c γ0 + p0
x)

[
∂y
∂ζ

∂z
∂η

− ∂z
∂ζ

∂y
∂η

]
, (3.2)

dpy

dt
= E2

2πσ0

(mi c γ0 − p0
x)

(mi c γ0 + p0
x)

[
∂z
∂ζ

∂x
∂η

− ∂x
∂ζ

∂z
∂η

]
. (3.3)

We investigate the stability of the thin foil in the long-wavelength limit (wavelength of
perturbation higher than the thickness of the foil) by extending the approach of Pegoraro
& Bulanov (2007) for surface modulated targets. The stability of the thin-foil target
against the long-wavelength perturbation is important as long-wavelength perturbations
are detrimental and lead to the breaking of the target. We define ϕ = ω0(t − x0(t)/c) as a
new variable. The initial conditions are

γ = γ0, px = p0
x, py = 0, x0 = 0, y0 = ζ + am exp(ikmζ ), (3.4a–e)

where am denotes the depth of the modulation,1 while km is the modulation wavevector. We
again wish to stress that Pegoraro & Bulanov (2007), Bulanov et al. (2009) take y0 = ζ ,
thus not including the effect of preimposed density modulations on the growth of the
RTI-like instabilities. The x component of the momentum on solving gives

p0
x = L(ϕ)

[1 + 2L(ϕ)]
(2[1 + L(ϕ)])

,

L(ϕ) = R(ϕ)(1 + i kmlm), lm = am exp(i kmζ ),

R(ϕ) =
∫ ϕ

0
�(ϕ

′
) dϕ

′
/λ0, �(ϕ) = E2(ϕ)/miω

2
0σ0.

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(3.5)

For a constant amplitude pulse E(ϕ) = E0, �(ϕ) = �0, for ω0 t � (λ0/�0) (early-time),
we have ϕ ≈ ω0t, and for ω0 t 
 (λ0/�0) (late-time), we have ϕ3 = (ω0 t) 6λ2

0/�
2
0(1 +

k2
ml2

m/4). On perturbing the equilibrium as

x = δx, y = ζ + lm + δy, lm = am exp(i kmζ ), (3.6a–c)

we get the following equations for the x and y components (as in Pegoraro & Bulanov
(2007) and Bulanov et al. (2009)):

∂

∂ϕ

[
p0

x

mic
∂δx
∂ϕ

]
= �(ϕ)

2π

∂δy
∂ζ

, (3.7)

∂

∂ϕ

[
mic
p0

x

∂δy
∂ϕ

]
= −�(ϕ)

2π

∂δx
∂ζ

. (3.8)

Assuming a perturbation of the form δx, δy ∼ exp(
∫ ϕ

0 Γ (ϕ
′
) dϕ

′ − iqζ ), and ∂Γ/∂ϕ �
Γ 2 and Γ 
 1, we get the growth rate of long-wavelength perturbations as Γ =
(�(ϕ)q/2π)1/2. However, the actual growth of the perturbation for a constant amplitude
pulse is written as δx, δy ∼ eΓ ϕ−iqζ . On using the relation between the variables ϕ and t

1It has to be of the order of or less than the non-relativistic plasma skin-depth ∼ c/ωp in order to avoid strong plasma
electron heating.
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FIGURE 10. Number of e-foldings for the late-time growth of the perturbations (see (3.9)). The
reduction in the e-folding is apparent in the case of surface modulations.

for early- and late-times, we get the number of e-foldings for early and late-time growths
of the perturbation (see also figure 10) as

Ne
e =

(
q�0

2π

)1/2

ω0t,

Nl
e =

(
q�0

2π

)1/2 (
λ0

�0

)2/3
(6ω0t)1/3

(1 + k2
ml2

m/4)1/12
= N0

(6 t/τL)
1/3

(1 + k2
ml2

m/4)1/12
.

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(3.9)

One may note that the early-time asymptote of the instability shows no dependence
on the preimposed modulations. This justifies the assumption of taking the equilibrium
solution for a flat target and imposing the modulations in the initial conditions as done in
(3.4a–e). From here the role of preimposed density modulations in reducing the growth
rate of the RTI-like instabilities is apparent (see figure 10). In the case of no modulation
(km = 0), we recover the same growth of the perturbation as in Pegoraro & Bulanov
(2007) and Bulanov et al. (2009). One may observe that during the early stage, surface
modulations do not play any role in the growth of the perturbation. However, for late-time
of the instability development, modulations tend to lower the growth of the instability.
In fact, for |kmlm| 
 4 (short-wavelength modulation), the growth of the long-wavelength
modes of the instability reads as Nl

e ∝ t1/3/(kmlm/2)1/6. This clearly shows reduction in the
growth of the short-wavelength perturbation, consistent with the results presented before
(Eliasson 2015; Sgattoni et al. 2015). In the opposite limit |kmlm| � 4 (long-wavelength
modulation), there is no reduction in the growth rate of the long-wavelength perturbation.
However, the introduction of the short-wavelength modulation amounts to selectively
feeding the short-wavelength modes of the instability. This selective feeding can suppress
the generation of the long-wavelength modes of the instability, which are detrimental for
the stability of the target. In the opposite case of the preimposed long-wavelength density
modulations, the long-wavelength modes of the instability grow faster to break the target.
Consequently, one can expect to get lower energy spread in the ion energy spectra for
the preimposed short-wavelength density modulations. Figure 6 qualitatively agrees with
this scaling and shows better agreement for the rippled structured target (figure 1d) for
which the theoretical analysis is most suited. Other structured targets, except the density
modulated target (figure 5), also show similar trends to the theoretical analysis.
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FIGURE 11. Evolution of the FFT of the ion density oscillations with (ky/kL) for (a) the density
modulated target, (b) the rp structured, (c) the rec structured and (d) the rpg structured targets.
The modulation parameters are am = 0.25, km = 2 and the target width is d = 1.0λL in each
case. The FFT spectra for the flat target is shown in figure 12(a,b). The colorbars represent the
density of the FFT spectra, and not the plasma density.

3.2. Fourier analysis of the ion density
In order to understand the instability growth and development in the nonlinear stage, we
look into the spatial Fourier spectrum of the protons. It is obtained by taking the FFT of
the ion density distribution,

n(k, t) =
∫ Ly

0

∫ Lx

0
n(x, y, t)ei ky dx dy, (3.10)

where n(x, y, t) is averaged in the x direction and the FFT is taken along the y direction.
Figure 11 shows temporal evolution of the FFT of proton density oscillations for the
density modulated and structured targets. On comparing the figures, one can see the
presence of modes at k/kL = 1, 2, 4, signifying the role of density and surface modulations
in the RPA of ions. The ion density oscillations with k/kL ≤ 1 are detrimental for the
stability of the target as they tend to break the target at later times. On comparing with
figure 12(a) one can see that there is a significant suppression of the modes at k/kL ≤ 1
and, instead, the modes at k/kL = 1, 2, 4 are stronger. This is selective feeding of the
modes as discussed in § 3.1. Since for a target of thickness ∼ λL, any transverse instability
modes with ky/kL ≤ 1 can break the target easily. The modes at k/kL = 1, 2, 4 (shorter
wavelengths) are not detrimental for the stability of λL thickness target, and one can
expect a better RPA of ions for density and surface modulated targets. One can see
from figure 11(a) that the density modulated target is most effective at suppressing the
long-wavelength modes (k/kL ≤ 1) compared with other structured targets. Since this
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FIGURE 12. Time development (t/τL) of the FFT of the ion density of a flat target (a,b), and
for a density modulated target (c,d) with the normalised wavevector ky/kL. Panels (a,c) and (b,d)
are for d = 1.0λL and d = 2.0λL target widths in respective cases. The modulation parameters
are am = 0.25, km = 2.

reduction is pronounced in the case of density modulated targets, we compare the temporal
evolution of FFT of ion density oscillations of a density modulated target with a flat
target in figure 12. Figure 12(a,b) shows the temporal evolution of FFT of ion density
oscillation for a flat target of widths d = 1.0λL (figure 12a) and d = 2.0λL (figure 12b)
while figure 12(c,d) shows the corresponding cases for the density modulated targets.
One can clearly see that for the flat target (figure 12a,b) the ion density oscillations have
wavelengths extending up to λ/λL ≥ 0.25. For the thin target (d = 1.0λL, figure 12a,c), the
dominant mode of the RTI-like transverse instabilities is concentrated around λ/λL ≈ 1,
while for the thicker target (d = 2.0λL, figure 12b,d) the dominant mode of the ion density
oscillations is located around λ ≤ λL. At later times, the ion density oscillations exhibit
oscillations at wavelengths λ ≥ 0.5λL. These longer wavelengths modes are responsible
for breaking the target and hence are detrimental for the stable RPA of ions. While
for the density modulated target, the appearance of these longer wavelength modes has
considerably suppressed, though the thicker target (figure 12d) appears to show the
excitation of weaker longer wavelength modes at later times. This further confirms that
thinner targets are optimum for RPA of ions. For thicker targets (d > λL), it is difficult to
suppress the long-wavelength modes of RTI-like transverse instabilities.

We follow the same procedure and study the temporal evolution of the FFT of ion
density oscillations for density modulated and structured targets for higher a0 cases to
see the influence of the RR force on the RPA of ions. In the case of RR force, a significant
fraction of the laser energy gets converted into high-energy photons. Consequently the
instability that breaks the target becomes only stronger at late-times. Additionally, due to
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FIGURE 13. Time development of the FFT of ion density oscillations including RR force for
the flat target (a,b) and the density modulated target (c,d) at a0 = 250. Panels (a,c) and (b,d)
correspond to the target widths of d = 1.0λL and d = 2.0λL, respectively. The modulation
parameters are am = 0.50, km = 2.

the RR force, bunching of plasma ions is also possible. Since the density modulated targets
show better results on the ion acceleration spectra, we compare the cases of a flat target
with a density modulated target (corresponding to the best modulation parameters) for
a0 = 250 and a0 = 350. For the former case, the RR force effects begin to appear in the ion
energy spectra. While for the latter case (a0 = 350), the RR force effects are stronger, but
still not requiring us to include the quantum recoil and pair production in PIC simulations.
Figure 13 depicts the expected trend as observed before in figure 12. The thinner target
(d = 1.0λL) shows significant suppression of the long-wavelength mode of the ion density
oscillations, while for the thicker target (d = 2.0λL) there is indeed an appearance, albeit
weaker in magnitude, of the long-wavelength mode. This suggest that eventually the RR
force washes out the preimposed modulations in the plasma density and this use of density
modulated targets may not be effective for higher a0. Indeed this is further confirmed in
figure 14 which shows the appearance of strong long-wavelength modes of ion density
oscillation being generated at later times. This limits the improvements in the FWHM of
ions for the density modulated targets. Though, not shown here, we see similar trends for
the other structured targets.

Finally, we also carried out 2-D PIC simulations with a laser pulse with Gaussian
spatial profile and we recover the same trends as shown before. We show here one
simulation run for a target with both density and surface modulations (dm–rpg) and
Gaussian shape at the rear end (see figure 15). This target has a spatial density profile,
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FIGURE 14. Time development of the FFT of ion density oscillations including RR force for
the flat target (a,b) and the density modulated target (c,d) at a0 = 350. Panels (a,c) and (b,d)
correspond to the target widths of d = 1.0λL and d = 2.0λL, respectively. The modulation
parameters are am = 0.50, km = 2.

n(x, y) = neam[3 + cos(kmy)]/2, and is located between

2πac exp

(
−
(

y − 10π

2π · bc · 0.6

)2
)

+ 4π ≥ x ≥ 2π − am cos
(

km
y − 10π

2π

)
, (3.11)

where ac = 1.0 and bc = 5.0 are different dimensionless parameters. The laser pulse has a
waist of w = 7.0λL, and x and y coordinates of the focus points, fx = 1.0λL, fy = 5.0λL in
the simulation box. This combination of density and surface modulations help the target
to remain stable in time. The laser pulse can wash out the surface modulations after a
while, but as the main target density is also modulated, the laser pulse cannot wash out the
density modulations in the early stages (figure 15a). The suppression of long-wavelength
modes by competitive feeding is, therefore, most effective for density modulated targets
(figure 15c). The Gaussian shape at the rear end of the target in figure 15(b) is necessary2

in order to counter the target breaking caused by the laser pulse with a spatial Gaussian
profile (Chen et al. 2009). For this simulation, one gets �E/Emax = 17.78 % at t/τL = 316
with Emax = 1.13 GeV for a dm target with Gaussian shape at the rear end and �E/Emax =
14.51 % at t/τL = 280 with Emax = 872.33 MeV, for an additional surface modulation on
top (dm–rpg), incorporated by the cosine term in (3.11) – see figure 16(a). We carried

2The dm–rpg target without the Gaussian profile at the rear end for a plane wave laser pulse does not improve the
ion energy spread. It is only beneficial for a laser pulse with Gaussian spatial profile.
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FIGURE 15. Proton density of a target with dm–rpg. The laser pulse has a spatial Gaussian
profile with a0 = 150. Panel (a) is at t/τL = 40, while the initial profile at t/τL = 0 is shown
in (b). (c) Time development of the FFT of the proton density. Modulation parameters are
am = 0.25, km = 2, and the target widths varies between d = 2.0λL and d = 1.0λL (see (3.11)).
Moving window velocity is υmov = 0.8 c.
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FIGURE 16. (a) Proton energy spectra corresponding to figure 15(a) at t/τL = 280 for ac =
1.0, bc = 5.0. (b) Cubic interpolation of �E/Emax with bc and with ac = 1.0 and ac = 2.0. The
other parameters are am = 0.25, km = 2, a0 = 150.

other simulations for different bc and ac, and the results on the FWHM of the ion energy
spectra are depicted in figure 16(b). These results confirm the trends shown before.

4. Conclusions and discussions

Our 2-D simulation results, especially for the density modulated targets, showing
the minimum energy spread (�E/Emax ≈ 12 %) for 1 GeV protons, are encouraging.
Pushing the boundaries of RPA of ions in the radiation dominated regime, one can gain
higher proton energies (Ek ≥ 2.0 GeV), albeit the FWHM remains stagnant at �E/Emax ∼
(12 − 15)%. At lower a0 = 250, a thicker target (d = 2.0λL) yields better results, while
at higher a0 = 350, this trend is reversed with the thinner target (d = 1.0λL) showing
improved results. Also, the density of accelerated protons is considerably higher at
higher a0 = 350. These 2-D simulation results (also with spatial Gaussian laser profile in
figure 16) from the density modulated target show substantial enhancements over the flat
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target case, especially for the FWHM of the proton spectra. This enhancement continues
in the radiation dominated regime of proton acceleration. Thus, the improvement in the
FWHM for density modulated targets, compared with the flat targets, is robust for the
large range of the laser–plasma interaction parameters. The density modulated, as well as
structured targets, can be manufactured with newer technological advancements (Klimo
et al. 2011; Fischer & Wegener 2013; Cantono et al. 2021). In particular, it has been shown
experimentally that by adjusting the spatial profile of the laser prepulse and introducing
a variable delay with the main laser pulse, one can create transient plasma gratings on
the surface of the thin-foil target with controllable precision (Monchocé et al. 2014).
A realistic laser pulse has a long prepulse which ionises the target and creates a preformed
plasma in front of the main target. The interaction of prepulse and the rising part of the
main laser pulse can also excite, by parametric instabilities, long-wavelength modes of
Brillouin instability, which may also have a transverse wavevector associated in a 2-D
geometry (Giacone, McKinstrie & Betti 1995). This may help in creating the conditions
of the density modulated target. For the sake of computational efficiency, we take protons
instead of high-Z ions. The results presented here for protons can be recovered for high-Z
ions albeit requiring longer laser pulse durations.

Even though our 2-D simulation results are encouraging, in real experiments 3-D and
other physical effects are likely to play a strong role, potentially limiting the ion energy
gain and the FWHM of ion energy spectra (Dollar et al. 2012). Some of the geometrical
effects related to target bending arising due to the finite laser spot size in a 3-D geometry
can be overcome by using the target shapes as studied in figure 15. Further optimisation
of the geometry and parameters, for higher ion energy gain in 3-D geometry, can also
be undertaken as shown recently (Wang et al. 2021). Nevertheless, results presented here
for density modulated targets need to be further explored by taking into account realistic
spatiotemporal laser profiles and high-Z targets in 3-D geometry.

Supplementary movies

Supplementary movies are available at https://doi.org/10.1017/S0022377821001070.

Acknowledgements

This work presented here encompasses the bachelor thesis of T.A. Meinhold submitted
to the Physics Department of the Heidelberg University.

Editor V. Malka thanks the referees for their advice in evaluating this article.

Declaration of interests

The authors report no conflict of interest.

REFERENCES

2017 Xcels. https://xcels.iapras.ru.
2019 Centre interdisciplinaire lumière extrême. http://cilexsaclay.fr.
2020 Vulcan. https://www.clf.stfc.ac.uk/Pages/Vulcan-2020.aspx.
2021 Extreme light infrastructure. http://www.eli-beams.eu.
ANDREEV, A., KUMAR, N., PLATONOV, K. & PUKHOV, A. 2011 Efficient generation of fast ions

from surface modulated nanostructure targets irradiated by high intensity short-pulse lasers. Phys.
Plasmas 18 (10), 103103.

ATZENI, S. & MEYER-TER VEHN, J. 2004 The Physics of Inertial Fusion, International Series of
Monographs on Physics, vol. 125. Oxford University Press.

https://doi.org/10.1017/S0022377821001070 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377821001070
https://xcels.iapras.ru
http://cilexsaclay.fr
https://www.clf.stfc.ac.uk/Pages/Vulcan-2020.aspx
http://www.eli-beams.eu
https://doi.org/10.1017/S0022377821001070


20 T.A. Meinhold and N. Kumar

BORGHESI, M., BULANOV, S., CAMPBELL, D.H., CLARKE, R.J., ESIRKEPOV, T.Z., GALIMBERTI, M.,
GIZZI, L.A., MACKINNON, A.J., NAUMOVA, N.M., PEGORARO, F., et al. 2002 Macroscopic
evidence of soliton formation in multiterawatt laser-plasma interaction. Phys. Rev. Lett. 88, 135002.

BULANOV, S.V., ESIRKEPOV, T.Z., PEGORARO, F. & BORGHESI, M. 2009 On the ion acceleration by
high power electromagnetic waves in the radiation pressure dominated regime. C. R. Phys. 10 (2),
216–226.

CANTONO, G., PERMOGOROV, A., FERRI, J., SMETANINA, E., DMITRIEV, A., PERSSON, A., FÜLÖP,
T. & WAHLSTRÖM, C.-G. 2021 Laser-driven proton acceleration from ultrathin foils with
nanoholes. Sci. Rep. 11 (1), 5006.

CHEN, M., KUMAR, N., PUKHOV, A. & YU, T.-P. 2011 Stabilized radiation pressure dominated ion
acceleration from surface modulated thin-foil targets. Phys. Plasmas 18 (7), 073106.

CHEN, M., PUKHOV, A., YU, T.-P. & SHENG, Z.-M. 2010 Radiation reaction effects on ion acceleration
in laser foil interaction. Plasma Phys. Control. Fusion 53 (1), 014004.

CHEN, M., PUKHOV, A., YU, T.P. & SHENG, Z.M. 2009 Enhanced collimated gev monoenergetic ion
acceleration from a shaped foil target irradiated by a circularly polarized laser pulse. Phys. Rev. Lett.
103, 024801.

DAIDO, H., NISHIUCHI, M. & PIROZHKOV, A.S. 2012 Review of laser-driven ion sources and their
applications. Rep. Prog. Phys. 75 (5), 056401.

DEROUILLAT, J., BECK, A., PÉREZ, F., VINCI, T., CHIARAMELLO, M., GRASSI, A., FLÉ, M.,
BOUCHARD, G., PLOTNIKOV, I., AUNAI, N., et al. 2018 Smilei: a collaborative, open-source,
multi-purpose particle-in-cell code for plasma simulation. Comput. Phys. Commun. 222, 351–373.

DOLLAR, F., ZULICK, C., THOMAS, A.G. R., CHVYKOV, V., DAVIS, J., KALINCHENKO, G.,
MATSUOKA, T., MCGUFFEY, C., PETROV, G.M., WILLINGALE, L., et al. 2012 Finite spot effects
on radiation pressure acceleration from intense high-contrast laser interactions with thin targets.
Phys. Rev. Lett. 108, 175005.

ELIASSON, B. 2015 Instability of a thin conducting foil accelerated by a finite wavelength intense laser.
New J. Phys. 17 (3), 033026.

ESIRKEPOV, T., BORGHESI, M., BULANOV, S.V., MOUROU, G. & TAJIMA, T. 2004 Highly efficient
relativistic-ion generation in the laser-piston regime. Phys. Rev. Lett. 92, 175003.

FERRI, J., THIELE, I., SIMINOS, E., GREMILLET, L., SMETANINA, E., DMITRIEV, A., CANTONO,
G., WAHLSTRÖM, C.G. & FÜLÖP, T. 2020 Enhancement of laser-driven ion acceleration in
non-periodic nanostructured targets. J. Plasma Phys. 86 (1), 905860101.

FISCHER, J. & WEGENER, M. 2013 Three-dimensional optical laser lithography beyond the diffraction
limit. Laser Photon. Rev. 7 (1), 22–44.

FORSLUND, D.W. & SHONK, C.R. 1970 Formation and structure of electrostatic collisionless shocks.
Phys. Rev. Lett. 25, 1699–1702.

FORWARD, R.L. 1984 Roundtrip interstellar travel using laser-pushed lightsails. J. Spacecr. Rockets 21 (2),
187–195.

GARWIN, R.L. 1958 Solar sailing-a practical method of propulsion with the solar system. Jet Propul. 28,
188–190.

GIACONE, R.E., MCKINSTRIE, C.J. & BETTI, R. 1995 Angular dependence of stimulated brillouin
scattering in homogeneous plasma. Phys. Plasmas 2 (12), 4596–4605.

HABERBERGER, D., TOCHITSKY, S., FIUZA, F., GONG, C., FONSECA, R.A., SILVA, L.O., MORI,
W.B. & JOSHI, C. 2012 Collisionless shocks in laser-produced plasma generate monoenergetic
high-energy proton beams. Nat. Phys. 8 (1), 95–99.

HELLER, R. & HIPPKE, M. 2017 Deceleration of high-velocity interstellar photon sails into bound orbits
atαcentauri. Astrophys. J. 835 (2), L32.

HONRUBIA, J.J. & MURAKAMI, M. 2015 Ion beam requirements for fast ignition of inertial fusion targets.
Phys. Plasmas 22 (1), 012703.

KHUDIK, V., YI, S.A., SIEMON, C. & SHVETS, G. 2014 The analytic model of a laser-accelerated plasma
target and its stability. Phys. Plasmas 21 (1), 013110.

KLIMO, O., PSIKAL, J., LIMPOUCH, J., PROSKA, J., NOVOTNY, F., CECCOTTI, T., FLOQUET, V. &
KAWATA, S. 2011 Short pulse laser interaction with micro-structured targets: simulations of laser
absorption and ion acceleration. New J. Phys. 13 (5), 053028.

https://doi.org/10.1017/S0022377821001070 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377821001070


RPA of protons from structured thin-foil targets 21

LI, C.K., SÉGUIN, F.H., FRENJE, J.A., RYGG, J.R., PETRASSO, R.D., TOWN, R.P. J., AMENDT, P.A.,
HATCHETT, S.P., LANDEN, O.L., MACKINNON, A.J., et al. 2006 Measuring e and b fields in
laser-produced plasmas with monoenergetic proton radiography. Phys. Rev. Lett. 97, 135003.

LIU, M., WENG, S.M., LI, Y.T., YUAN, D.W., CHEN, M., MULSER, P., SHENG, Z.M., MURAKAMI,
M., YU, L.L., ZHENG, X.L. et al. 2016 Collisionless electrostatic shock formation and ion
acceleration in intense laser interactions with near critical density plasmas. Phys. Plasmas 23 (11),
113103.

MACCHI, A., TAMBURINI, M., PEGORARO, F. & LISEYKINA, T.V. 2011 Radiation friction modeling in
superintense laser-plasma interactions. In Proc. SPIE (ed. D.A. Jaroszynski), vol. 8075. p. 807509.
SPIE Digital Library.

MACCHI, A., VEGHINI, S. & PEGORARO, F. 2009 “light sail” acceleration reexamined. Phys. Rev. Lett.
103, 085003.

MACKINNON, A.J., PATEL, P.K., BORGHESI, M., CLARKE, R.C., FREEMAN, R.R., HABARA, H.,
HATCHETT, S.P., HEY, D., HICKS, D.G., KAR, S., et al. 2006 Proton radiography of a laser-driven
implosion. Phys. Rev. Lett. 97, 045001.

MALKA, V., FRITZLER, S., LEFEBVRE, E., D’HUMIÈRES, E., FERRAND, R., GRILLON, G., ALBARET,
C., MEYRONEINC, S., CHAMBARET, J.-P., ANTONETTI, A., et al. 2004 Practicability of
protontherapy using compact laser systems. Med. Phys. 31 (6), 1587–1592.

MARX, G. 1966 Interstellar vehicle propelled by terrestrial laser beam. Nature 211 (5044), 22–23.
MCINNES, C.R. 1999 Laser-Driven Light Sails, pp. 271–292. Springer.
MONCHOCÉ, S., KAHALY, S., LEBLANC, A., VIDEAU, L., COMBIS, P., RÉAU, F., GARZELLA, D.,

D’OLIVEIRA, P., MARTIN, P. & QUÉRÉ, F. 2014 Optically controlled solid-density transient
plasma gratings. Phys. Rev. Lett. 112, 145008.

PALMER, C.A.J., DOVER, N.P., POGORELSKY, I., BABZIEN, M., DUDNIKOVA, G.I., ISPIRIYAN,
M., POLYANSKIY, M.N., SCHREIBER, J., SHKOLNIKOV, P., YAKIMENKO, V., et al. 2011
Monoenergetic proton beams accelerated by a radiation pressure driven shock. Phys. Rev. Lett. 106,
014801.

PALMER, C.A.J., SCHREIBER, J., NAGEL, S.R., DOVER, N.P., BELLEI, C., BEG, F.N., BOTT, S.,
CLARKE, R.J., DANGOR, A.E., HASSAN, S.M., et al. 2012 Rayleigh–Taylor instability of an
ultrathin foil accelerated by the radiation pressure of an intense laser. Phys. Rev. Lett. 108, 225002.

PAULI, W. 1981 Theory of Relativity. Dover Books on Physics 978-0486641522. Dover Publications.
PEGORARO, F. & BULANOV, S.V. 2007 Photon bubbles and ion acceleration in a plasma dominated by

the radiation pressure of an electromagnetic pulse. Phys. Rev. Lett. 99, 065002.
ROBINSON, A.P.L., ZEPF, M., KAR, S., EVANS, R.G. & BELLEI, C. 2008 Radiation pressure

acceleration of thin foils with circularly polarized laser pulses. New J. Phys. 10 (1), 013021.
ROTH, M., COWAN, T.E., KEY, M.H., HATCHETT, S.P., BROWN, C., FOUNTAIN, W., JOHNSON,

J., PENNINGTON, D.M., SNAVELY, R.A., WILKS, S.C., et al. 2001 Fast ignition by intense
laser-accelerated proton beams. Phys. Rev. Lett. 86, 436–439.

SGATTONI, A., SINIGARDI, S., FEDELI, L., PEGORARO, F. & MACCHI, A. 2015 Laser-driven
Rayleigh–Taylor instability: plasmonic effects and three-dimensional structures. Phys. Rev. E 91,
013106.

SILVA, L.O., MARTI, M., DAVIES, J.R., FONSECA, R.A., REN, C., TSUNG, F.S. & MORI, W.B. 2004
Proton shock acceleration in laser-plasma interactions. Phys. Rev. Lett. 92, 015002.

TSU, T.C. 1959 Interplanetary travel by solar sail. ARS J. 29 (6), 422–427.
VEKSLER, V.I. 1957 The principle of coherent acceleration of charged particles. Sov. J. At. Energy 2 (5),

525–528.
WANG, T., KHUDIK, V. & SHVETS, G. 2021 Laser-ion lens and accelerator. Phys. Rev. Lett. 126, 024801.
WAN, Y., ANDRIYASH, I.A., LU, W., MORI, W.B. & MALKA, V. 2020 Effects of the transverse

instability and wave breaking on the laser-driven thin foil acceleration. Phys. Rev. Lett. 125, 104801.
WAN, Y., PAI, C.-H., ZHANG, C.J., LI, F., WU, Y.P., HUA, J.F., LU, W., JOSHI, C., MORI, W.B.

& MALKA, V. 2018 Physical mechanism of the electron-ion coupled transverse instability in laser
pressure ion acceleration for different regimes. Phys. Rev. E 98, 013202.

https://doi.org/10.1017/S0022377821001070 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377821001070


22 T.A. Meinhold and N. Kumar

ZIGLER, A., EISENMAN, S., BOTTON, M., NAHUM, E., SCHLEIFER, E., BASPALY, A., POMERANTZ,
I., ABICHT, F., BRANZEL, J., PRIEBE, G., et al. 2013 Enhanced proton acceleration by an
ultrashort laser interaction with structured dynamic plasma targets. Phys. Rev. Lett. 110, 215004.

https://doi.org/10.1017/S0022377821001070 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377821001070

	1 Introduction
	2 PIC simulations set-up and results
	2.1 PIC simulations set-ups and shapes of structured and density modulated targets
	2.2 Energy spectra of ions
	2.3 Parameter maps for the optimised RPA of ions
	2.4 RR effects on the RPA of ions from density modulated and structured targets

	3 Interpretation of the PIC simulation results
	3.1 Theoretical analysis of the transverse instability from surface modulated targets
	3.2 Fourier analysis of the ion density

	4 Conclusions and discussions
	References

