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Radiation pressure acceleration of high-quality ion beams using ultrashort laser pulses
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The generation of compact, high-energy ion beams is one of the most promising applications of intense laser-
matter interactions, but the control of the beam spectral quality remains an outstanding challenge. We show that
in radiation pressure acceleration of a thin solid target the onset of electron heating is determined by the growth
of the Rayleigh-Taylor-like instability at the front surface and must be controlled to produce ion beams with high
spectral quality in the light sail regime. The growth rate of the instability imposes an upper limit on the laser
pulse duration and intensity to achieve high spectral beam quality and we demonstrate that under this optimal
regime, the maximum peak ion beam energy per nucleon is independent of target density, composition, and
laser energy (transverse spot size). Our predictions are validated by two- and three-dimensional particle-in-cell
simulations, which indicate that for recent and upcoming experimental facilities using ultrashort (<25 fs) laser
pulses it is possible to produce 100-300 MeV proton beams with 230% energy spread and high laser-to-proton

energy conversion efficiency.

DOLI: 10.1103/PhysRevResearch.4.L.022056

High-energy, high spectral quality (quasimonoenergetic)
ion beams are important for a variety of applications, includ-
ing radiography of high-energy-density materials and plasmas
[1,2], isochoric heating of materials [3], fast ignition of iner-
tial confinement fusion targets [4], injectors for conventional
accelerators [5], and tumor therapy [6,7]. Intense laser-matter
interactions have long been seen as a very promising route to
drive compact ion beam sources. However, despite significant
progress over the past two decades, the control of the ion beam
spectral quality remains an outstanding challenge.

Among different laser-driven acceleration mechanisms
explored, radiation pressure acceleration (RPA) [8—11]—in
particular, the light sail (LS) regime using very thin (sub-
micron) targets—has attracted significant interest due to the
possibility to produce narrow energy spread ion beams with
high laser-to-ion energy conversion efficiency. Nevertheless,
the experimental characterization of this acceleration scheme
and observation of narrow energy spread ion beams have been
elusive [12—14]. Critical challenges have been the requirement
of low electron heating for efficient momentum transfer from
the laser to the ions and to avoid other competing ion acceler-
ation mechanisms to develop and dominate.

Over the past years, there has been a focus on the use
of increasingly higher laser intensities to produce high ion
energies. Indeed, recent experiments using intensities >10%°
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W/cm? and thin (<1 um) targets reached near 100 MeV
maximum proton energies [15-17]. However, the measured
energy spectra were very broad, with only a small number
of ions at this high energy, likely due to the contribution
of large sheath electric fields arising from strong electron
heating [18]. While it is well established that the use of a
circularly polarized (CP) laser at near normal incidence to
the target surface can help mitigate electron heating [10] by
both J x B [19,20] and Brunel mechanisms [21], the devel-
opment of corrugations at the laser-target interaction surface
due to different instabilities [22—-27] and finite laser spot size
effects [28,29] can contribute to strong electron heating even
when a CP laser is employed. It remains unclear which elec-
tron heating mechanism most strongly impacts the spectral
quality of the accelerated ions and what the best route is
to produce ion beams with high energy and high spectral
quality.

In this paper, we show that the growth of the Rayleigh-
Taylor-like instability (RTT) at the front surface of thin targets
is the dominant electron heating mechanism and leads to a
significant increase of the energy spread of accelerated ion
beams in the LS regime. The growth of the RTI imposes an
upper limit on the laser pulse duration and intensity required
to produce ion beams with peaked (quasimonoenergetic) spec-
tra, and we demonstrate that under this optimal regime, the
maximum ion beam peak energy per nucleon is independent
of target density, composition, and laser energy (transverse
spot size). These predictions are validated by two- (2D) and
three-dimensional (3D) particle-in-cell (PIC) simulations over
a wide range of laser and target conditions. These findings
have important implications for the optimization of ion accel-
eration from laser-solid interactions and to fully harness the
potential of RPA for the generation of compact, high-quality
ion beams for a wide range of applications.
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In the LS regime, the acceleration experienced by a
thin target due to the radiation pressure of an intense laser
can be approximated by arpa =~ 21)12{]3 /lp in the nonrela-
tivistic limit, where Iy is the target thickness and vyp =
\/ (1 4+ R)I/(2m;n;c?) is known as the hole boring velocity,
with R < 1 the laser reflection coefficient, I the laser inten-
sity, m; the ion mass, n; = Zng the ion density (with ng the
initial target density and Z the ion charge number), and ¢
the speed of light in vacuum. For negligible electron heating
R ~ 1 a quasimonoenergetic ion beam can be produced and
an analytical solution to the final peak energy per nucleon
€y can be obtained for a constant laser intensity [30]: ¢y =
m,,czéz/[Z(S + 1)], where & = ca(z)romenc/(m,-n;lo), with
ap =~ 0.85\/I[W/cmz]()»o[/un])2/1018 the laser peak normal-
ized vector potential, 7o the laser pulse duration, m, the
electron mass, and n. = mgw(z) /(4me?) the critical density as-
sociated with laser propagation in the plasma, where e is the
elementary charge, and wy and )¢ the laser frequency and
wavelength respectively.

The efficiency of RPA is significantly reduced when there
is strong electron heating, i.e., R < 1. This has motivated the
interest in using a CP laser at near normal incidence in order to
suppress electron heating [10]. However, even for such a con-
figuration electron heating can still arise (e.g., Refs. [27,28]).
The causes and consequences of electron heating with a CP
laser are not fully understood and are crucial for the optimiza-
tion of RPA.

To study the onset of electron heating and its impact on
the quality of LS accelerated ion beams we have performed
a series of 2D and 3D PIC simulations with the code OSIRIS
[31,32]. We model a CP laser irradiating a planar target at near
normal incidence. The laser is launched in the longitudinal x;
direction. The typical size of the simulation box in 2D (3D)
simulations is 400 (300) c¢/wq longitudinally and 250 c/wy
transversely in x, (and x3). The 2D (3D) simulations use 16
(8) particles per cell per species and a spatial resolution of 0.2
(0.5) ¢/ wp, in each direction, where w,,, = JVametng/m, is the
electron plasma frequency. The time step is chosen according
to the Courant-Friedrichs-Lewy condition and we have used a
third-order particle interpolation scheme for improved numer-
ical accuracy.

Typical results are illustrated in Fig. 1(a) for a laser with
ap = 15, Gaussian longitudinal and transverse profiles with
full-width-half-maximum (FWHM) of intensity duration 7y =
105 w, ! and focal spot (at 1 /62 beam width) wy = 50c¢/wy
irradiating a target with density ng = 250n, and thickness
lp = 0.085 c/wy (corresponding to ~0.014 um for Ay =1
um). We observe that indeed even with CP there is the onset of
strong electron heating after a relatively short interaction time.
At t =90 w, ! the electron and ion phase spaces show that
electrons have been heated to relativistic temperatures, which
resulted in a strong space-charge field, the rapid expansion
of the target, and the continued broadening of the ion energy
spread. By t = 115w, !, the target expansion leads to the
onset of relativistic transparency, RPA is terminated, and the
ion energy distribution is no longer peaked. These are also
illustrated in the temporal evolution of the electron tempera-
ture 7, (average kinetic energy of electrons) and FWHM ion
energy spread Ae/ep, and n,/(yn.) (the ratio of the electron
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FIG. 1. Results of 2D PIC simulation of the interaction of an
intense Gaussian CP laser pulse with a thin target. (a) Longitudinal
(top) electron and (middle) ion phase spaces and (bottom) ion density
profile for a laser with pulse duration 7o = 105 w; !, (b) Temporal
evolution of 7, (blue, left axis), ion beam energy spread Ae/€g
(black, right black axis) within a 10° opening angle from the laser
propagation direction, and n,/(yn.) (red, rightmost axis). The time
t = 0 is defined as 7(/2 before the laser peak intensity reaches the
target.

density, n,., and relativistic critical density at the target front
surface, where y is the average Lorentz factor of the elec-
trons), as shown in Fig. 1(b). Given the general interest in
highly directional beams for most applications, we consider
the ion beam spectrum within a 10° opening angle from the
laser propagation direction. The simulation results reveal that
the ion beam energy spread increases sharply following the
rapid growth of 7. We define this time, Tpeating, as the time for
which the rate of increase of the electron temperature, dT,/dt,
is maximum.

We find that the onset of strong electron heating is related
to the emergence of large transverse density modulations in
the target [Fig. 1(a)]. The penetration of the laser in the
lower density regions associated with these modulations trig-
gers significant electron heating (see Appendix A) with the
temperature reached being comparable to that observed in
simulations with a linearly polarized laser (not shown here).
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To confirm that this is playing a dominant effect in both
the observed electron heating and increase in ion energy
spread, we have repeated the same simulation but using a
laser pulse with a duration 7o = 40 I < Theating- 11 this case,
we observe no density modulations, the target remains rela-
tivistically overdense, and, indeed, both 7, and A€ /¢y remain
low (see also Appendix A). The ion beam energy spread
saturates at t ~ 27y and remains stable long after the laser-
plasma interaction has finished [Fig. 1(b)]. It is thus crucial to
understand the origin of the density modulations and how their
development depends on the laser and plasma conditions.

The growth of instabilities at the target surface from laser-
plasma interactions has been recognized as an important
source of transverse density modulations and there has been
significant discussion on which instabilities are dominant,
including the Weibel instability [22], RTT [23-25,33-35], and
electron-ion coupling instabilities [27,36].

In order to study the mechanism responsible for the corru-
gations relevant for electron heating, and isolate the effects of
surface instabilities, we have performed a parameter scan of
2D simulations with a long, plane-wave CP laser at normal
incidence. We vary the laser ap = 5-200, target composi-
tion 1 <A/Z < 4 (with A the ion mass numbers), density
(ng = 40-500n., covering the range from liquid hydrogen
to solid-density targets for a laser wavelength of 1 um),
and thickness (lp = 0.08-40c/wg). The target thickness is
always lp > [y to ensure stability of the target. Note that
lopt = aghone/ (ﬁnno) [30] is the optimal target thickness
for which the acceleration is maximized by minimizing the
total target mass while guaranteeing that the target remains
relativistically opaque. We analyze the growth of ion density
modulations by computing the transverse Fourier modes (ky, )
of the longitudinal (x;) displacement of the relativistic criti-

1+ d3/2 is the electron

Lorentz factor), as a function of the transverse (x,) position.
Figures 2(a) and 2(b) illustrate the growth of different
modes for a simulation with the same laser intensity and
target parameters of Fig. 1(a). Note that the target remains
opaque to the laser during the time of the analysis and thus the
measurements of the growth rate and saturation level are not
affected by the onset of relativistic transparency. The fastest
growing modes are observed at ky, > ko, with kg = 27 /A
le.g., ke, 2 13 wo/c = kiay in Fig. 2(b) att ~ 30w, ']. How-
ever, these modes saturate at relatively low amplitudes and
do not lead to significant electron heating. The dominant den-
sity modulations are associated with the mode with k,, >~ ko
[Fig. 2(b)] and we observe the onset of strong electron heating
(Theating == 85w 1) during the linear growth and saturation of
this mode. This suggests that the onset of strong electron heat-
ing is related to laser-driven RTT for which the dominant mode
is ky, 2 ko [24,25]. This is in contrast to recent work which
argued that electron heating was associated with the non-
linear stage of the electron-ion coupling instabilities driven
with k,, > ko [27]. To further confirm that the mode with
ky, = ko is dominant in terms of electron heating, we have
performed additional simulations with a smaller transverse
domain (< 0.3 X¢), in which the k) mode is prohibited but
high-k modes are still present. We ran these simulations up to
t 2 3 Theating (With Theating measured from the simulation with
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FIG. 2. (a) Development of surface corrugations in ion density at
t =90w, !. (b) Evolution of Fourier modes at the relativistic critical
surface of the corrugation amplitudes 7;(k,). The inset shows the
growth rate of the k,, = ky mode and its linear fit. (c) Scaling of the
measured growth rate of the k,, = ky mode of the surface corruga-
tions. (d) Strong correlation between the electron heating time Theating
and the growth time of the RTI. Colored symbols are measurements
from 2D PIC simulations.

the large transverse box size) and in all cases no significant
electron heating or increase in ion energy spread are observed
(see Appendix B).

For the laser-driven RTT the growth rate is I'ry o v/arpako
[24,25]. Linear fits to the measured growth rates of the kg
mode over the large parameter scan of our study confirm
the scaling [Fig. 2(c); see also the example fit in Fig. 2(b)]:
Trrlwo] 2 0.5 ag(nolncllole/wolAm, /(Zm,))~/?, where m,
is the proton mass. Furthermore, we find a strong correlation
between Theaing and the growth time of the instability, with
Theating =2 3 I"ETI, as shown in Fig. 2(d). This indicates that, in
order to suppress or significantly mitigate electron heating,
the duration of the laser pulse 7y should be shorter than a
threshold value Ty = Theating, defining an optimal regime for
LS acceleration based on the pulse duration as

A no 12
Tolfs] < 79 = 350 aal <lo [um]Xo [p.m]zn—> . (1)
c
We note that surface corrugations can also arise due to
the transverse variation of the laser intensity when a finite
spot size is used, where the nonuniform acceleration across
the surface would result in a change of the surface shape,
triggering strong electron heating. Significant reshaping of
the surface occurs when the displacement along the axis
of the laser is comparable to the spot size wy [27], from
which we can similarly obtain a condition on the pulse dura-
tion: 79 < 200 ay ' (wo[um]lo[um]Ang/(Zn,))"*. Comparing
this with Eq. (1) reveals that for relativistically opaque (ay <
ng/n.) targets and for typically used spot sizes wy = 3 Ag, the
effect of RTI is dominant and thus imposes the main limitation
on the pulse duration.
Previous works have considered the role of RTI in the
context of RPA [37-41], proposing advanced laser and target

L022056-3



CHOU, GRASSI, GLENZER, AND FIUZA

PHYSICAL REVIEW RESEARCH 4, 1022056 (2022)

(a)
90

70

50
S
5]

Te / mec?

20 40 60 80
7o (fs)

FIG. 3. (a) Electron temperature 7, and (b) ion beam energy
spread A€ /€y measured from 2D PIC simulations of a 1- um wave-
length Gaussian laser pulse with duration 7y and spot size wy = 7.6
um interacting with a thin solid target with ny = 250 n. and Iy = .
T, is measured at the end of the laser interaction when the maximum
is observed. Ae/¢j is measured for protons within a 10° opening
angle at t >~ 27;. The black curve corresponds to the prediction of
Eq. (1) and the white dots denote the parameters sampled by the
simulations.

configurations, such as curved [38] and mixed-species [39]
targets or single-cycle [40] and elliptically polarized [41]
lasers to mitigate RTI. These are either challenging to imple-
ment in practice [38,40] (and have not yet been proven to be
effective experimentally), or still lead to significant electron
heating [39,41], which will negatively impact the ion beam
spectral quality in the LS regime. More importantly, a quanti-
tative understanding of the laser pulse duration and intensity
required to mitigate RTI was not established and, as we show
here, is critical to producing ion beams with high spectral
quality.

In Fig. 3 we demonstrate that Eq. (1) is robust over a
wide range of laser and target parameters even when realistic
Gaussian transverse and temporal pulse profiles are consid-
ered. The prediction of Eq. (1) marks the transition from
low-to-high electron heating [Fig. 3(a)] and consequently
from low-to-high energy spread of the accelerated ion beam
[Fig. 3(b)]. We have also repeated some of the simulations
in the optimal pulse duration regime using a small, but finite
laser incidence angle and confirm that these results are still
valid. We have found that in general for an incidence angle
< 10°, as typically used experimentally, electron heating is
maintained at a low level and the quality of the ion beam
remains similar to the case with normal incidence.

This model has important implications for the optimization
of LS ion acceleration. When we consider the optimal target
thickness for LS, lo = lopt, Eq. (1) imposes an upper limit on
ag

2 2
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FIG. 4. (a) Peak proton beam energy €, as a function of laser
duration 7 in high-quality regime of LS acceleration. Colored sym-
bols are measurements from 3D PIC simulations, the solid line is the
prediction of Eq. (3), and the gray shaded area above the solid line
indicates the parameter space outside the high-quality acceleration
regime. (b) Proton spectra from 3D PIC simulations with ay = a, and
Tp = Ty (solid lines), ag = ag and 19 = 27, (dotted), and ay =~ 3d,
and 7y = 7y (dashed). The spectra are measured within a 10° opening
angle from the laser propagation direction at t >~ 21,.

given by Eq. (3) is independent of target density, composition
(A/Z), and laser energy (transverse spot size).

The prediction of Eq. (3) has been validated against a series
of full 3D PIC simulations that use a Gaussian laser pulse
profile. We have considered target densities of either ny = 40
or 250 n, with ly = [y The pulse duration was varied in the
range tp = 7.5-25 fs and for each duration the laser ay was
chosen to be equal to the maximum dgy given by Eq. (2). In
all cases, we observe stable acceleration of the protons via
LS leading to the generation of narrow energy spread proton
beams with peak energies € in very good agreement with the
prediction of Eq. (3), as shown in Fig. 4(a). For the case with
79 = 25 fs, we have performed two additional simulations for
different laser spot size (and thus, total energy) and target
density. We observe that the peak proton energies obtained are
very similar, confirming that indeed for the high-quality accel-
eration condition derived here the beam energy is independent
of laser energy and target density.

Figure 4(b) shows the resulting proton spectra and confirms
the generation of high-quality proton beams when the con-
ditions for 7y and a( given by Eqs. (1) and (2) are satisfied.
Under these optimal conditions, we observe the generation of
peaked spectra with Ae/ey >~ 20-40% and with 3% of the
total laser energy being carried by this beam within a 10°
opening angle. The total laser-to-proton energy conversion
efficiency into 47 is 20%. To further confirm the importance
of our model, we have repeated the simulation with 7y = 25 fs
but with either a higher intensity ap = 136 (=~ 3ay) or a longer
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pulse 79 = 50 fs (= 21%), while keeping the same laser pulse
energy. In both cases, we observe a very significant increase
of the energy spread (>300%) and reduction of the coupling
efficiency (<1%).

In summary, we have shown that electron heating arising
from the growth of the RTI plays a dominant role in the
spectral quality of ion beams accelerated in the interaction of
an intense laser with thin solid- or liquid-density targets. To
produce beams with high spectral quality, it is critical to limit
the laser pulse duration to the growth time of the RTI. This, in
turn, also limits the maximum laser intensity that can be used
and the maximum peak energy of the accelerated ion beam.
For example, for 100 TW class lasers, the pulse duration
should be limited to <60 fs. The majority of previous laser-
driven ion acceleration experiments in this regime have used
linearly polarized lasers (see Ref. [42] for a summary), but the
few experiments using short pulses and circular polarization
have reported the generation of narrow energy spread ion
beams [12,14], consistent with our model. For the parameters
of high-power state-of-the-art and near future laser systems
with 7yp >~ 15-25 fs, such as the ELI-NP [43], Apollon 10 PW
[44], and EP-OPAL [45] facilities, full 3D PIC simulations
demonstrate the possibility to produce ~100-300 MeV proton
beams with 230% energy spread and high coupling efficiency.
These findings have important implications for the optimiza-
tion of future experiments and to fully harness the promise
of radiation pressure acceleration to produce high-quality ion
beams for a wide range of applications.

This work was supported by the U.S. Department of En-
ergy SLAC Contract No. DEAC02-76SF00515, by the U.S.
DOE Early Career Research Program under FWP 100331, and
by the DOE FES under FWP 100182. The authors thank the
OSIRIS Consortium, consisting of UCLA and IST (Portugal)
for the use of the OSIRIS 4.0 framework. Simulations were
performed at Cori (NERSC) and Theta (ALCF) through ER-
CAP and ALCC computational grants.

APPENDIX A

As surface modulations on the laser wavelength scale
develop, the laser is able to penetrate these modulations,
giving rise to effective electron heating, for example via
the Brunel mechanism. This is illustrated in Fig. 5 for the
same simulation parameters of Fig. 1. In the long-pulse case
(right column), the laser can penetrate the concave valleys
in the surface density modulation and accelerate electrons.
The map of the local 7, (average kinetic energy of elec-
trons) shows indeed that the heating is happening at the walls
of these concave valleys and consistent with direct accel-
eration by the laser electric field. The location of the hot
spots of T, oscillates (from top to bottom of the valleys for
instance) in accordance with the phase of the laser electric
field.

Note that the time shown in Fig. 5 corresponds to approxi-
mately the end of laser-plasma interactions for the short-pulse
case of Fig. 1(b). We can see that for short-pulse case (left
column) the target remains stable, showing negligible surface
rippling and very low electron heating.
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FIG. 5. Comparison between the short- (left) and long-pulse
(right) simulations in Fig. 1. Top: ion density; bottom: local electron
temperature. All plots are shown at t = 70w, ', which is approxi-
mately both Tyeqing for the long-pulse (7o = 105 wy 1) case and the
end of interaction time for the short-pulse (7o = 40 w, 1 case.

APPENDIX B

Figure 6 shows the results of a set of 2D simulations with
different transverse domains, where the same laser and target
parameters as in Figs. 2(a) and 2(b) were used. We observe
that for transverse domain sizes < A¢/2, where the domi-
nant RTI mode is prohibited, no significant electron heating
is observed. High-k modes can still grow, but 7, remains
very low. There are two distinct modes that grow and satu-
rate with different growth rates and on different timescales:
the fastest growing mode k,, > 13 wy/c = kjqx, Which is
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FIG. 6. Evolution of electron temperature for different transverse
simulation domain sizes (black, left axis). The solid black curve
corresponds to the simulation in Figs. 2(a) and 2(b) with a transverse
box size of 40 Ay and for this case the growth of the k,, = ko (solid)
and k,, = kpax (dotted) modes are shown (blue, right axis).
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always captured and saturates at around ¢ >~ 50 o, ! and the

RTI mode k,, = ko, which saturates at ¢ > 120 !, Note
that the k,,,, mode saturates much earlier than the observed

Theating =% 85 @y ! which is concurrent with the development
of the RTI mode. In particular, we see that strong electron
heating starts near the saturation time of the RTI.
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