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Stable GeV Ion-Beam Acceleration from Thin Foils by Circularly Polarized Laser Pulses

B. Qiao, M. Zepf, M. Borghesi, and M. Geissler

Center for Plasma Physics, Department of Physics and Astronomy, Queen’s University Belfast, Belfast BT7 INN, United Kingdom
(Received 14 November 2008; published 8 April 2009)

A stable relativistic ion acceleration regime for thin foils irradiated by circularly polarized laser pulses
is suggested. In this regime, the ““light-sail”” stage of radiation pressure acceleration for ions is smoothly
connected with the initial relativistic “hole-boring” stage, and a defined relationship between laser
intensity [y, foil density ng, and thickness /, should be satisfied. For foils with a wide range of ng, the
required [ and [, for the regime are theoretically estimated and verified with the particle-in-cell code
ILLUMINATION. It is shown for the first time by 2D simulations that high-density monoenergetic ion beams
with energy above GeV /u and divergence of 10° are produced by circularly polarized lasers at intensities
of 10> W/cm?, which are within reach of current laser systems.

DOI: 10.1103/PhysRevLett.102.145002

Since the first observations [1] of energetic ion beams
from laser-irradiated foil targets, laser-driven ion accelera-
tion has been a rapidly progressing field of great interest.
This interest is driven by the ion beams’ potential for many
groundbreaking applications in scientific, technological,
and medical areas [2]. Ion beams with energies up to
several tens of MeV have been obtained in experiments,
and the mechanism is generally attributed to target normal
sheath acceleration (TNSA) [1,3,4]. However, these beams
are typically characterized by low particle density, large
divergence, and almost 100% energy spread. A different
scheme of efficient ion acceleration by the radiation pres-
sure of ultraintense lasers has been highlighted by particle-
in-cell (PIC) simulations [5]. However, with linearly po-
larized pulses, it requires extremely high intensities at / >
10% W/cm?, not currently achievable in experiments.

Recently, theoretical attention has focused on the use of
circularly polarized (CP) laser pulses to accelerate high-
density ion bunches at the front surface of thin foils [6-9].
For CP pulses, the ponderomotive force has no oscillating
component; hence, electrons are steadily pushed forward,
inducing a charge separation field which can accelerate
ions. The absence of hot electrons circulating through the
target suppresses rapid foil decompression and allows
radiation pressure acceleration (RPA) to dominate at
more moderate intensities. Currently, all these studies
have followed the acceleration for a limited time duration
and have been mostly based on one-dimensional simula-
tions. In the multidimensional case, the acceleration pro-
cess is more complex as various effects would occur. In
general, since the foil is not uniformly irradiated in the
transverse dimension, it deforms quickly and becomes
transparent resulting in transverse heating of the electrons.
As a result, ions can not be stably accelerated to higher
energy due to transverse Rayleigh-Taylor-like or Weibel
instabilities [7,10,11]. To our best knowledge, no multi-
dimensional simulation has yet shown that ion beams can
be stably accelerated to hundreds of MeV per nucleon by
CP laser pulses.
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PACS numbers: 52.38.Kd, 29.25.—t, 52.50.Jm, 52.65.Rr

In this Letter, we present a regime of stable relativistic
ion acceleration from thin foils by intense CP laser pulses.
In contrast to previously discussed schemes, high-density
GeV ion beams are here obtained by sustained, stable
acceleration, and therefore the required intensity is within
reach of current laser systems. A theoretical model is
established, based on which the matching conditions of
laser intensity I, foil density n,, and thickness [, for this
regime are estimated. For a wide range of ng, two-
dimensional (2D) PIC simulations have been run to verify
the model. High-density ion beams with energy above
1 GeV/u and divergence about 10° are produced by CP
pulses at intensities of the order of 10> W /cm?.

This stable relativistic ion acceleration regime is com-
posed of two smoothly connected stages: relativistic “‘hole-
boring” and “light-sail”> RPA. First, CP laser pulse inter-
acts with the foil front surface accelerating and compress-
ing material in a pistonlike manner but with no action on
the rear surface—the so-called ‘““hole-boring” stage [6,12—
14]. Second, if the foil is sufficiently thin, the hole boring
reaches its rear surface, the laser pulse punches through
and accelerates the compressed ion and electron layers,
detached from the foil as a single quasineutral plasma slab.
The underlying physics is similar to the “light-sail” con-
cept of space-flight [15,16]—hence, “light-sail” stage. We
find that the stability of the acceleration process depends
critically on a smooth transition between the two stages.
Any significant discontinuity in the acceleration during the
transition from ‘‘hole-boring” to ““light-sail”’ stages leads
to a decompression of the ion bunch and termination of the
stable acceleration.

In the “hole-boring” stage, when the CP laser pulse is
incident on the foil front surface, electrons are quickly
pushed into the foil by its steady ponderomotive force.
The electrons pile up in a compressed layer, leaving behind
a charge-separation region and giving rise to a localized
spike of electrostatic field which holds them back. Ions are
then accelerated by the electrostatic field until catching up
with the compressed electrons. At the end of this stage, a
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high-density energetic ion layer (beam) is formed and
comoves together with the compressed electron layer.
Note that the expression of the radiation pressure for
both hole-boring and light-sail phase is (21/c) X
[(1 =v/c)/(1 4+ v/c)], where v is the ion velocity and ¢
is light speed. In the hole-boring stage, the radiation pres-
sure on the laser-facing ion surface is 2I/c X (1 —
v,/c)/(1 + v, /c), where v, is the hole-boring velocity.
Through momentum and energy conservation, the maxi-
mum velocity that ions obtain is [6-9]
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where [ is laser intensity, n; and m; are ion density and
mass. Therefore, the high-density ion layer formed has a
velocity distribution ranging from v, to v;.

In the ““light-sail” stage, the accelerating ion and elec-
tron layers are rapidly detached from the foil. Together
they constitute a quasineutral plasma slab acting as a
reflecting mirror with thickness /; and density ng, where
Iy ~ng 12 At the transition point between the hole-boring
and light-sail stages (i.e., when the laser pulse pushes
through the foil), the laser pulse begins to interact with
ions traveling at v; = 2v,,. This causes a sudden jump in
the radiation pressure from (27/c)[(1 — v,/c)/(1 +
v,/c)]to (21/c)[(1 — v;/c)/(1 + v;/c)] resulting in a dis-
continuity in the acceleration. Recent publications [5,7]
have shown that this stage can be well modeled by treating
the slab as a single object. The ion motion obeys

dp: 21 \/1+p2—p

dt omct T+ p2+ p

where p = P/m;c is the normalized momentum of ions,
o = ngl, ~ ngly is the area density of the slab. In this
stage, ions effectively acquire the energy (1 — 1/4y%)&,
up to GeV order by repeated acceleration of the slowest
ions at the rear of the ion bunch in the electrostatic sheath
field maintained by the laser pressure, where £, = ISt is
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FIG. 1 (color online).

the laser pulse energy, 7, and S are its pulse duration and
transverse area, and y = (1 + p2)'/2 is the Lorentz factor.

To achieve stable acceleration for ion beams, one must
drive the hole-boring acceleration hard enough to obtain
relativistic ions at this stage before the transition point.
This affects the acceleration in two key ways. On the one
hand, the difference in the radiation pressure that ions
experience between the two stages will be greatly reduced
as both v, and v; are close to ¢, resulting in a smooth
connection with no significant discontinuity. On the other
hand, the transverse instabilities (Rayleigh-Taylor, Weibel
and other multidimensional effects) of the ion beam in the
“light-sail” RPA stage will be much suppressed as their
growth becomes 7y times slower in the moving frame due to
the relativistic effect. While Eq. (1) is not relativistically
correct, we can use it to estimate the laser intensity re-
quired to produce relativistic ions in the hole-boring stage
as

1, 1
0 =, 3)

m;n;c 4

For protons (m;/m, = 1836), the intensity is [, =
(ng/n.) X 6.3 X 102 X (1 um/A)> W/cm?, where n is
initial foil density and n; = ny is assumed, A is laser
wavelength in microns, n, = m,w?/4me* is the critical
density with e and m, electron charge and mass, w is laser
frequency. As will be shown later using PIC simulations,
such intensities are large enough to achieve a smooth
transition between “‘hole-boring” and ‘‘light-sail” stages
and, consequently, stable acceleration to relativistic ener-
gies. Furthermore, if all foil electrons are blown out by the
laser ponderomotive force, no equilibrium for compressed
electrons exists, and ions cannot be accelerated. Thus, the
maximum charge-separation field Ej,.x = 4menyly
should be larger than the ponderomotive force v X B, ~
E; . This gives the condition
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Electron density n,/n, and ion density n;/n,. in the (z, x) plane at (a) t = 16, (b) 29, (c) 64, and (d) 107 fs for a

foil of ny = 100n, and I, = 0.35 wm irradiated by a CP laser pulse at I, = 6.3 X 10*> W/cm?. (e)—(h) are the corresponding ion

phase space plots (z, v,).
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Choosing I = I, and n; = ny, we obtain that the foil

thickness should satisfy [, = 3.414/n./ngA.

To summarize, ion stable acceleration to relativistic en-
ergies is expected when Eq. (3) is satisfied for smooth con-
nection of the two stages and Eq. (4) for no electron
blowout.

In order to examine the theoretical model, we carry out
2D PIC simulations with the code ILLUMINATION [17].
Foils with a wide range of densities ny from 20 to 100n,
have been verified. In the simulations, 8000 cells along
laser axis z and 5000 cells transversely are used forming a
32 pm X 40 pwm box. Each cell is filled with 122 quasi-
particles. The boundary conditions are absorbing for both
electromagnetic waves and quasiparticles. We assume the
foils are fully ionized by strong laser field into protons and
electrons (m;/m, = 1836).

For the foil with density no = 100n,., where n, = 1.1 X
10>! cm™3 assuming A = 1 um, we choose a CP laser
pulse at I, = 6.3 X 10?> W/cm? according to the theoreti-
cal estimate [Eq. (3)]. The foil thickness is [, = 0.35 um
satisfying Eq. (4); i.e., the areal density is oy =
3.8 X 10" cm™2. The laser pulse is temporally Gaussian
and transversely fourth-order super-Gaussian, [ ~
Iyexp[—(r/ro)*lexp{—[(r — o)/ 7.}, where ry =10 wm,
to = 33 fs and 7; = 38 fs are taken. Figure 1 plots elec-
tron density n,/n,, ion density n;/n., and phase space (z,
v./c)att = 16, 29, 64, and 107 fs. Part (a) corresponds to
the initial ““hole-boring” stage. We see that the compressed
electron layer is formed in the region of the laser focal spot
by the steady ponderomotive push, inducing a strong
charge-separation field E,. The profile of E, is shown by
the dashed line in Fig. 1(e), which increases with the dis-
tance from the foil front surface up to the position of the
compressed electron layer where reaching the peak value
of 2.8 X 10'* V/m and steeply decreases in the layer. Then
ions are rapidly accelerated by E, and a high-density
monoenergetic ion layer with density =200n, and thick-
ness =0.1 um is formed [Fig. 1(b)]. The phase space
[Fig. 1(f)] shows a distinct ““head”” where the majority of
ions are concentrated, and a ‘“‘tail” which contains a very
low amount of trailing ions. After hole boring, ions are
accelerated to the maximum velocity v; = 0.6¢ [Fig. 1(f)].

Parts (c) and (d) show the accelerating plasma slab fully
detached in the “light-sail” stage. The high-density ion
and electron layers are detached from the foil quickly and
combine together constituting a quasineutral plasma slab
with thickness about 0.05 um. This accelerating slab
moves more and more quickly (up to 0.85¢); thus, it stays
opaque and copropagates with laser pulse acting as a
relativistic plasma mirror, as seen in Fig. 1(c). Ions effec-
tively acquire energy from the laser via repeated acceler-
ations, the phase space is shown in Fig. 1(g). At = 107 fs,
the ion layer is transformed into a high-quality high-
density relativistic ion beam with density about 50n. and
peak velocity above 0.9¢, shown in Fig. 1(d) and 1(h). This
relativistic ion beam can propagate over a long distance

without exploding since it is kept quasineutral by the
relativistic electrons nearby.

Equation (3) can also be fulfilled for lower intensity
lasers using a lower density foil. For ny = 30n,., the re-
quired intensity is I, = 1.89 X 10> W/cm?, which is
within reach of current laser systems. Keeping o almost
the same according to Eq. (2), we choose [, = 1.0 pum,
ie., 0y = 3.3 X 10'® cm~2. The simulation results show
that the stable relativistic acceleration regime is also
achieved, and the acceleration dynamics is very similar
to the above case of ny = 100n... The ion density and phase
space at ¢t = 107 fs in Figs. 2(a) and 2(d) show a high-
density, high-quality relativistic ion beam with density of
15n, and velocity about 0.9¢. Dark gray (blue) lines in
Figs. 3(a) and 3(b) demonstrate the smooth transition
between the hole-boring and “light-sail” acceleration
stages. However, if the matching condition Eq. (3) between
no and I is not satisfied, the acceleration process changes
back to the unstable regimes described in Refs. [7-9],
where ions cannot be stably accelerated to high energy
and the ion beams decompress quickly. Two mismatched
examples of the unstable acceleration are also given in
Fig. 2, respectively, by increasing n, to 100n, for the
same I and [, [2(b)] and by decreasing I, of 1 order of
magnitude for the same n, and [, [2(c)]. In contrast to the
stable case, both unstable cases display a discontinuous
acceleration profile at the transition point between hole-
boring and “light-sail”’ stages [see light gray (green) and
black lines in Fig. 3(a)]. The peak longitudinal electric
field E. in Fig. 3(b) also clearly shows the significant
discontinuity (kink) at the transition points. This disconti-
nuity leads to a sudden increase in the velocity spread of
the ions (since only the ions at the rear of the ion beam are
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FIG. 2 (color online). Ion density n;/n, (a) and phase space (z,
v,) (d) at = 107 fs for the foil of ny = 30n,, [j = 1.0 um by
CP laser at I, = 1.89 X 10> W/cm?. (b) and (e) show an
unstable ion acceleration case with the same I, and [, but ny, =
100n,.; (c) and (f) show another unstable case with the same n,
and [, but lower I, = 1.89 X 10*! W/cm?.
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FIG. 3 (color online). (a) The peak velocities v, of ion beams
varying with time ¢ the cases, respectively, of Figs. 2(a) [dark
gray (blue)], 2(b) [light gray (green)], and 2(c) (black); (b) the
corresponding peak value of longitudinal electric fields E, on ion
beams. Points “A,” “B,” and “C” correspond to the transition
point from “hole-boring” to “light-sail” stages; “B’’ and “C”
clearly show the discontinuous acceleration profile at the tran-
sition of the two stages for the unstable cases.

accelerated at any point in time). The sudden increased
velocity spread results in rapid decompression of the ion
beam and subsequent rapid instability growth and ulti-
mately transparency. The premature termination of the
“light-sail” phase limits the peak energies to much lower
values of about 300 and 100 MeV [light gray (green) and
black lines in Fig. 4, respectively, give detailed spectra].
The energy spectra of GeV ion beams at t = 107 fs by
stable acceleration are shown in Fig. 4 by gray (red) and
dark gray (blue) lines. For the foil of ny, = 100n,, the ion
beam has a peak energy of about 1.35 GeV with the full-
width-at-half-Maximum (FWHM) range from 1.2 to
1.4 GeV, the maximum divergence angle 6,,,, is about
10°, the number of ions in the beam is N; = 1.1 X 10'?
(beam density 50n.). For ny=30n,, the peak energy is
1.0 GeV with the FWHM range from 0.86 to 1.05 GeV and
Omax = 11°, N, is about 1.3 X 10'? (density 15n,). For
both cases, the efficiency of energy transfer from the laser
pulses to ions is greater than n = 50%. For the foils with a
wide range of densities from 20 and 100#n,., our simulations
verify that the stable relativistic ion acceleration can all be
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FIG. 4 (color online). The energy spectra of ions in the region
of z>10 um and |x| < 10 um at t = 107 fs for the cases,

respectively, of Figs. 1 [gray (red)] and 2(a) [dark gray (blue)],
2(b) [light gray (green)], and 2(c) (black).

achieved if Egs. (3) and (4) are satisfied. Note that the spec-
tra at earlier times are more sharply peaked than final spec-
tra shown here. From our simulations, it appears likely that
different pulse profiles and larger laser spots could be used
to achieve more narrowly peaked spectra at GeV energies.

In conclusion, a new regime of stable relativistic ion
acceleration from thin foils by CP laser pulses has been
proposed. Two-dimensional PIC simulations show that
high-density relativistic ion beams with energy above
GeV/u and beam divergence about 10° are obtained at
intensities within reach of current laser systems (the order
of 10> W/cm?). Note that the acceleration time here is
limited by the computer resources. If a longer acceleration
time is tracked, the ion beams could reach even higher
energy. For a laser pulse with finite duration, the upper
limit of the ion energy can be estimated from Eq. (2) as
20%E2 /(2nEL + N ;m;c?)N;. For our simulation pa-
rameters, these limit the ion energy to about 25 GeV.
However, one would expect the ion beam to decompress
due to spectral broadening at late times, which thus pre-
vents the theoretical maximum energy from being reached.
To test this regime experimentally, we suggest to choose a
target of relatively low density allowing laser intensities as
low as 1 X 10*2 W/cm? to be used to achieve GeV /u ions.
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