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Abstract

By using multi-dimensional particle-in-cell simulations,
we investigate the stabilization of proton beam acceleration
in a two-specie ultra-thin foil. In this two-specie regime,
the lighter protons are initially separated from the heavier
carbon ions due to their higher charge-to-mass ratio Z/m.
The laser pulse is well-defined so that it doesn’t penetrate
the carbon ion layer. The Rayleigh-Taylor-like (RT) insta-
bility seeded at the very early stage then only degrades the
acceleration of the carbon ions which act as a "cushion”
for the lighter protons. Due to the absence of proton-RT
instability, the produced high quality mono-energetic pro-
ton beams can be well collimated even after the laser-foil
interaction concludes.

INTRODUCTION

Recently, with the rapid development of laser technol-
ogy, one of the most straightforward acceleration mech-
anisms, radiation pressure acceleration (RPA) [1] (also
called laser piston or light sail), is being re-visited. The first
RPA experiment [2] performed recently observed the ion
acceleration in a phase-stable way [3] by the laser radiation
pressure. However, the undesirable transverse Rayleigh-
Taylor-like (RT) instability remains unavoidable. It devel-
ops gradually and finally leads to the transverse disruption
of the foil. Unlike the electron acceleration in the bubble
regime [4], a stable proton beam acceleration in the realis-
tic three-dimensional (3D) geometry is unaccessible up to
now.

In this paper, we report on a scheme to smoothly ex-
tend the 1D RPA model to multi-dimensional cases by us-
ing a two-specie ultrathin shaped foil. We found that this
specially-prepared foil with the heavier carbon ions and the
lighter protons can not only effectively avoid the foil defor-
mation, but also significantly suppress the RT instability in
case the laser intensity and the foil composition are care-
fully defined. The stabilization of the proton-RT instabil-
ity can be attributed to two points: Firstly, both species
are completely separated from each other at the very early
stage. Secondly, the heavier carbon ions act as a ”cushion”
for the proton acceleration because the laser pulse directly
interacts with the carbon ions but never reaches the proton
layer. In the following, we firstly show the 1D RPA model
in the two-specie regime and then discuss how to extend it
to multi-dimensional cases.
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TWO-SPECIE RPA MODEL AND 1D
SIMULATION RESULTS

We start with the semi-analytical RPA model [5]. For
a two-specie ultra-thin foil, we simply assume that the en-
tire target keep intact during the acceleration and the target
motion can thus be described as following:

pd(%B) _E1-8 )

dt  2mc1+p’

where p = > m;n; L is the target area mass density, m;,
n;, and L are the ion mass, ion density, and foil thickness,
respectively. Ey, represents the laser electric field. Obvi-
ously, the foil dynamics in the two-specie RPA regime is
defined by the area mass density p, not the detailed foil
composition, which is very different from the collisionless
shock wave acceleration in Ref. [6].

We carry out a set of 1D simulations to investigate the
detailed acceleration process by using the fully relativistic
electromagnetic PIC code VLPL [7]. In the fist case, the
longitudinal length of the simulation box is z = 60\ and
totally 6 x 10 cells are employed so that it can resolve
the expected density spike. Each cell contains about 100
particles. The target is 0.1\ long, located at x = 10\ and
composed of carbon ions and protons with the same density
71.42n., which corresponds to an electron density n. =
500n.. A CP laser pulse with the wavelength A = 1um is
incident from the left boundary at ¢ = 0. The laser intensity
follows a trapezoidal profile (linear growth - plateau - linear
decrease) intime. The dimensionless laser intensity isag =
100 and the duration is 7, = 16Ty (1T — 14Ty — 1Tp).
Absorbing boundary condition is applied to both the field
and particle boundaries.

Fig. 1(a) shows the laser intensity evolution. Here, the
wave front of the laser pulse arrives at the foil surface at
t = 107p. We can see that a part of the laser pulse is re-
flected by the target because of the high foil density. As
expected, the foil is accelerated forward as a whole un-
til the laser-foil interaction concludes at about ¢ = 45T,.
Fig. 1(b) presents the distribution of the ion density and the
acceleration field E,. At fist, the electrons are pulled out
by the J x B force and a strong charge separation field
forms behind the foil. Due to the higher charge-mass ra-
tio Z;/m,, the protons move much faster than the carbon
ions so that they instantaneously separate from each other.
Gradually, the ions experience different acceleration fields,
as shown by the red spike in the figure. The acceleration
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sity but vary the ratio of the ion densities n ¢

same area mass density. All the other parameters are the
same as in the first case. Obviously, the simulation results
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® o agree well with the predication of the 1D model. It demon-
s AN 1 strates that the ion dynamics mainly depends on the area
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mass density, not the detailed foil composition.

2D SIMULATIONS
The 1D PIC simulation results above reveal that the RPA
regime is a potentially promising ion acceleration mecha-
nism. However, when we extend it to multi-dimensional
cases, many problems occur. Firstly, the foil will be de-
formed by the incident laser pulses due to the inhomoge-
neous distribution of the laser intensity. This leads to a
strong electron heating which will definitely pollute the fi-
35 10 20 30 40 50 60
t/Ty
Figure 1: (Color online). (a) Laser intensity evolution.
Here, I = (E; + BZ2)/2 is normalized to I, = 2.74 x
10*8W/em?. The laser-foil interaction ends at ¢ = 45T
(b) lon density distributions and the acceleration field E,
at ¢t = 257, and 457,. Here, E, is normalized to £y =

nal energy spectrum. Secondly, the ultrathin foil is very
3.2 x 10'2V/m. (c) lon phase distribution at t = 25T

and 45T}. (d) Proton energy evolution from 1D PIC simu-

susceptible to the transverse instabilities, such as Rayleigh-
lations (dashed line) and 1D RPA model (real line).

Taylor-like (RT) instability [9] and Weibel instability [10].
Especially, the RT instability is seeded once the laser-foil

interaction starts, and develops from the unstable interface

at rate of a few laser cycles. Gradually, the foil surface

becomes corrugated and pierced by the laser radiation and
field inside the carbon layer is much higher than in the pro-

ton layer so that the carbons ions can be accelerated to catch

the entire target is torn into many clumps and bubbles [11].
Therefore, how to suppress the undesirable RT instability
becomes a central problem. Thirdly, the ion acceleration in
up with the protons. The acceleration process repeats un-

the RPA regime is usually accompanied by many other ac-

celeration mechanisms, which makes the acceleration pro-
cess more complicated and intractable.
til ¢ = 45T), similar to the ”snow plow” in the electron

acceleration. The fact that both heads of carbon ions and
protons interlace with each other in phase space, as shown
in Fig. 1(c), demonstrates the above acceleration process.
foil.

In order to solve the foil deformation, we have to use a
shaped foil target (SFT) [12] or a density-modulated foil
Our simulation results agree well with the Ref. [3], where

a typical "spiral structure” is observed in a pure Hydrogen

target (DMFT) [13] to compensate for the inhomogeneous
laser intensity distribution. Taking the normally used Gaus-
The averaged proton energy evolution is shown in

sian laser pulses for example, the foil thickness or the den-

sity should be modulated by a well-matched Gaussian func-
Fig. 1(d). Att = 45Ty, the proton energy is as high as

tion L, = maz|[Lyazexp(—y?/0%), Leut] , Where Liqs,
is the maximal foil thickness, L., the cutoff thickness, and
or the spot radius. Following this way, we make sure that
each L,, thickness layer acts as in the 1D case and the whole
500M eV, which is a little higher than the carbon ion en-
ergy 475M eV /u. The proton energy doesn’t increase any-
more after the laser-foil interaction ends at ¢t = 45T. Such

foil can be pushed forward as a whole. In following, we
engineering.
high energies with a pronounced mono-energetic peak are

show the 2D simulation results by using such kind of target
unreachable in other ion acceleration regimes. For com-
parison, we also provide the theoretical calculation from

Eq.(1) in the figure. Overall, they fit well with the simula-

tion results without considering the limited laser duration.
It is worthwhile to mention that the 1D models in Ref. [8]
fail in our case. The final proton energies calculated from

The simulation box is X x Y = 50\ x 50\, sampled
both models (hole-boring model and shock wave) are much

by 10000 x 5000 cells. Each cell contains 100 particles in
the plasma region. The foil is initially located at x = 10\

with parameters Lo = 0.1\, Loy = 0.05), and o =
lower than in our cases. This demonstrates that the RPA

7). Both ions have the same particle density 71.94n.. as in
the 1D case above. A Gaussian laser pulse with the focal
regime indeed dominates the ion acceleration in our case.

size o, = 8\ is incident from the left boundary. The lase

duration is 77, = 10T5(17y — 8Ty — 1Tp). All the other
parameters are the same as in the 1D case.
We also perform another simulation to check the influ-

ence of the foil composition on the proton acceleration, as
shown in Fig. 1(d). In this case, we keep the electron den-

ny from
1:1to4 : 1. That means that both cases have almost the

The ion density distribution is shown in Fig. 2. At
t = 17.5Ty, the protons have already been separated from
the heavier carbon ions. Compared with the simulation
results in a pure-Hydrogen case [11], the proton layer is
well maintained during the acceleration. The laser-driven
RT instability is significantly suppressed so that it can be
collimated even after the laser-foil interaction concludes at
t = 25T,. On the contrary, the carbon ions are extensively
spread in space. This can be attributed to the direct interac-
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Figure 2: (Color online). Proton density distribution at (a)

t = 17.5T and (b) 22.5T,. The corresponding carbon ion
density distribution is also presented in (c) and (d).
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Figure 3: (Color online). The ion density distribution and
the corresponding laser intensity along y = 0 at (a) ¢t =
17.5T and (b) 22.5T. Here, I has the same definition as
above. The energy spectrum evolutions of (c) carbon ions
and (d) protons are also presented here.

tion of the carbon plasma with the laser pulses. As shown
in Fig. 2 (d), the carbon-RT instability develops at a high
rate so that it spreads in space soon. We can get a further
understanding of the physics under the simulation results
from Fig. 3 (a) and (b). It is clear that the laser pulse al-
ways hits only the carbon layer but never reaches the pro-
tons. Like the "snow plow” in the electron acceleration, the
carbon ions in our case act as a ”Cushion” or a "Buffer” for
the proton acceleration.

The ion energy spectrum evolution is also presented in
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Fig. 3. As discussed above, the carbon ions have a widely-
spread spectrum although a energy peak is observed at t =
15Ty and 207,. This is a typical result of RT instability.
However, the protons always show a quasi-monoenergetic
peak even at ¢ = 507. The total number of the particles
within the energy 300 — 600M eV is up to 5.7 x 108. For a
single-ion specie [1, 11], although a energy peak is formed
initially, it lowers gradually and disappears soon, just as we
observed in the carbon spectrum. Obviously, the energy
spectrum in this two-specie case is significantly improved.

The stabilization of the proton-RT instability can be at-
tributed to two facts: Firstly, they are initially separated
from the carbon ions so that the RT instability can not reach
the proton layer. Secondly, the the proton layer is always
riding on the heavier carbon ions so that it avoid the RT
instability. We can use a three-interface model to interpret
it [14]. A detailed explanation with this model is to be pub-
lished somewhere.

CONCLUSIONS

In conclusion, we investigate the detailed ion accel-
eration from an ultra-thin C-H foil by use of multi-
dimensional PIC simulations. For the 2D cases, the car-
bon ions spread extensively in the space, showing a quasi-
exponential spectrum but the protons always ride on the
carbon ion front forming a high quality proton beam. The
sharp front separating the species is well defined and the
proton beam acceleration is very stable, which results from
the significant suppression of the RT instability in the com-
pact proton layer. Benefiting from the superpower lasers
such as HiIPER and ELI, the stable acceleration mechanism
described above may be demonstrated by experiments and
has a potential to be applied in the near future.
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