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Generating High-Current Monoenergetic Proton Beams by a Circularly Polarized Laser Pulse
in the Phase-Stable Acceleration Regime
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A new ion acceleration method, namely, phase-stable acceleration, using circularly-polarized laser
pulses is proposed. When the initial target density n, and thickness D satisfy a; ~ (no/n.)D/A; and
D > [, with a;, A, [, and n. the normalized laser amplitude, the laser wavelength in vacuum, the plasma
skin depth, and the critical density of the incident laser pulse, respectively, a quasiequilibrium for the
electrons is established by the light pressure and the space charge electrostatic field at the interacting front
of the laser pulse. The ions within the skin depth of the laser pulse are synchronously accelerated and
bunched by the electrostatic field, and thereby a high-intensity monoenergetic proton beam can be
generated. The proton dynamics is investigated analytically and the results are verified by one- and two-

dimensional particle-in-cell simulations.
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State-of-the-art lasers can deliver ultraintense, ultrashort
laser pulses with very high contrast ratios. These systems
can avoid plasma formation by the prepulse, and can thus
realize laser-matter interaction with ultrathin solid targets
[1]. Solid targets irradiated by a short pulse laser can be an
efficient and flexible source of MeV protons. They have
already been used in producing high-energy-density matter
[2], radiographing transient processes [3], tumor therapy
[4], generating isotopes in positron emission tomography
[5], and fast ignition of fusion cores [6].

In intense-laser interaction with solid foils, there are
usually three groups of accelerated ions. The first two
occur at the front surface, moving backward and forward,
respectively [7-9], and the third is the target normal sheath
acceleration (TNSA) that occurs at the rear surface [10,11].
As these output beams are accelerated only by the electro-
static fields and have no longitudinal bunching in the laser
direction, their distributions are exponential with nearly
100% energy spread. Certain techniques can be used to
decrease the energy spread [12], but they rely on relatively
complicated target fabrication.

In the surface acceleration mechanisms, a linear polar-
ized (LP) laser pulse is normally used and the J X B
heating [13] generates hot electrons. For a circularly po-
larized (CP) laser pulse with the electrical field E; =
E(x)[sin(w 1) + cos(w,1)z], the ponderomotive force
f = ’"jfz Laj(x)* has no oscillating component.
Here, a;(x) = eE/m,w;c is the normalized laser ampli-
tude, and m,, w;, and e are the electron mass, laser
frequency, and charge, respectively. When a CP laser is
normally incident on a thin foil, the electrons are pushed
forward steadily by the ponderomotive force. Using this
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feature, Shen et al. [14] proposed to use two CP laser
pulses to compress deuterium plasma for inertial-
confinement fusion (ICF) studies, Macchi et al. [15] found
that high-current proton beams are generated by a CP laser.
Ion bunching and acceleration were not noticed in these
studies. In this Letter, we show that in the interaction of a
CP laser with a thin foil there is a regime of proton
acceleration in which the proton beam is synchronously
accelerated and bunched like in a conventional radio fre-
quency (RF) linac [16]. The acceleration mechanism is
referred to as phase-stable acceleration (PSA). An analytic
model is presented, showing the acceleration and bunching
processes duration the laser interaction.

At first we carried out simulations using a fully relativ-
istic one-dimensional (1D) particle-in-cell (PIC) code [17].
In our simulation a laser pulse with a peak amplitude a; =
5 and the duration 1007 is normally incident on a plasma
slab, where T, is a laser period. To simplify the model, a
low density purely hydrogen plasma with a step density
profile is used (the initial normalized density ny/n, = 10
and thickness D = 0.21;). The target boundary is located
at x = 10X, and the laser front impinges on it at t = 1077.
We take 100 ~ 500 particles per species per cell and the
cell size of A;/100.

Figure 1(a) shows the snapshots of the electrostatic field
profile. Because of the ponderomotive push, the electrons
are quickly piled up in the front of the CP laser pulse and an
electron depletion region is left behind. The depletion
region increases with time, so that the ion density is
decreased in the debunching process. In the compressed
electron layer, it is found that the width of the layer remains
equal to the skin depth (I, = A;/20). The charge separa-
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FIG. 1 (color online). (a) Snapshots of the spatial distribution
of the electrostatic field at different times, for initial plasma
density ny/n. = 10, thickness D = 0.2A;, normalized laser
amplitude a; =5, and pulse duration 1007, (b) Schematic of
the equilibrium density profiles for ions (n) and electrons (7).
The position at x = d indicates the electron front, where the
laser evanescence starts and it vanishes at x = d + [, where [ is
the plasma skin depth. The initial plasma density n, and target
thickness D are also plotted.

tion field in this layer retains nearly the same steep linear
profile. Therefore a simple 1D model can be used [see
Fig. 1(b)]. The induced electrostatic fields have linear
profiles both in the depletion region (E,; = Eyx/d for 0 <
x < d) and in the compression layer (E,, = Ey[1 — (x —
d)/1] for d < x < d + [). The parameters E, and 7, are
[, related by Ey = 4mend and np,ol; = nd = nyD. The
light pressure (1 + n)I;/c (with 7 is the reflecting effi-
ciency) exerted on the electrons is assumed to be balanced
by Epen,l,/2, the electrostatic pressure in the depleted
region. Usually one has D = [, so that the balance condi-
tion can be expressed as

ar(1+ )2~ (ng/n)(D/AL). )

To obtain this expression, we have taken I; A2 = wPya? =
[2.74 X 10" W/cm? um?]a?  with Py = micd/e* =
8.67 GW [18]. If the laser field E; is larger than the
maximum charge separation field E, all electrons will be
displaced, then no balance exists. Accordingly, we have the
second condition for PSA: E;=4menyD > (v, X
B;/c)~ E; or

ap <(no/n.)2mD/Ay). ()

The steep profile of the electrostatic field E,, remains
until the laser pulse is over [see Fig. 1(a)]. This provides a
longitudinal restoring force for the ions in the compressed
electron layer. Just like PSA in the conventional RF Linac,
when a proper synchronous phase is chosen the early ions
experience a smaller field, and the later ions a larger field
than the synchronous particle, which is kept in synchroni-
zation with the accelerating field. As the ions execute
longitudinal oscillations under the restoring field E,,, we
introduce a reference particle to explain the phase motion.
The reference particle is assumed to remain in synchroni-
zation with the compressed electron layer, which moves at
a high speed under the ponderomotive force.

for the ion is —d(még""“) = q,Ey[1 — (x; — d)/I] or % =

Zl’_—’f;%[l — (x; — d)/1,], where v; is the relativistic factor

for the reference particle. The phase motion (£, ) around
the reference particle can be described approximately by

§= _Qzé«_— QZ= qiEO

milyy}’ @
where it is assumed that y; = v,. Furthermore, if both y;
and E, vary slowly in a time scale of 1/(), then the
longitudinal phase motion (£, ¢) is a harmonic oscillation
& = &y sin(Q1). The beam energy spread can be estimated
from &= &,Qcos(Qf) and Aw/w, =2Ap/p, =
2¢£0Q/p,, where w, and p, are the kinetic energy and
momentum of the reference particle, respectively, and &,
is the oscillating amplitude. An ion located at & < —1,/2
will be debunched and lost in the acceleration process.
Some ions are rapidly accelerated by the electrostatic
shock and can overrun the electron layer, but they will
get no more energy until they return to the electron layer.
Accordingly, the particle displacement in the oscillation is
Enax = I,/2 and the maximum energy spread of the accel-
erated beam is determined by Aw/w, = [Q/p,. The
harmonic oscillation frequency () decreases with increase
of particle energy. For the simulation parameters given in
Fig. 1(a) with a; = 5, ng/n, = 10, and y; = 1 for the
proton, the first period of phase oscillation is about 87
and the period will lengthen as long as E, and 1/7; are
decreased. If the final energy of the reference particle w, =
300 MeV, the estimated energy spread Aw/w, will be less
than 5%. These agree very well with the results of our PIC
simulations.

Snapshots of phase-space distributions of electrons and
ions at t = 2007, are given in Figs. 2(a) and 2(b). A
bunched proton beam of very high density is formed in
the phase space (x, p,). This is because the protons inside
the compressed electron layer always execute periodical
oscillations as described by Eq. (3). The protons in the
electron depletion region (between x = 0 and 100) are
debunched and form a long tail in the phase space.
However, its density is two orders lower than that in the
compressed electron layer. As a result, the debunched
protons appear to have disappeared in the proton spatial
distribution and energy spectrum, as shown in Figs. 2(c)
and 2(d), respectively. Figure 2(c) shows that both particles
have the same density profiles and a quasineutral beam is
therefore formed. In this case, the space charge field is
weak and the proton beam can propagate over a long
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FIG. 2 (color online). (a) Phase-space distribution of electrons,
(b) phase-space distribution of protons, (c) electron and proton
density profiles, (d) energy spectrum of protons. The results are
for + = 2007, when the laser interaction is almost terminated.
The laser and plasma parameters are the same as in Fig. 1.

distance without explosion, which is advantageous in ap-
plications for the transport of the high-current ion beams.
The energetic proton beam has a low-FWHM-energy
spread (<4%) and high peak current, as shown in
Fig. 2(d). The energy spread is in complete agreement
with our analytical estimate based on Eq. (3). Note that
the proton bunch has an ultrashort scale length of about the
skin depth [, or about 250 asec (A; = 800 nm) in time.
The number of accelerated protons in the bunch is about
nolyo, where o is the focused beam spot area. This gives
about 5 X 10'? quasi-monoenergetic protons for a focused
beam diameter of 40 wm in the present simulation.

It is found that the reflection coefficient of the incident
laser is about 1 = 0.38, which implies that more than 60%
of the laser energy is converted into the electron and proton
energy. The simple model of a flat foil in Ref. [19] is used
to explain the high conversion efficiency. The accelerated
foil, which consists of the electron and ion layers, can be
regarded as a relativistic plasma mirror copropagating with
the laser pulse. The plasma mirror acquires an energy (1 —
1/4v*)e, from the laser pulse. Figure 2(d) shows that the
relativistic factor vy of the plasma mirror reaches about 1.4,
which implies a conversion efficiency of above 80%. This
is overestimated since the plasma mirror does not reach
such a high speed in the earlier stage of the laser
interaction.

In the 1D simulation it is found that the proton energy
depends on the product of target density and thickness.
This is similar to the results of Ref. [10] in spite of a
different acceleration mechanism. The proton energy and
the energy spread are plotted versus the electron area
density in Fig. 3(a). It shows that the energy spread can
be optimized near a; ~ (ny/n.)D/ A . If the target is thin-
ner than the skin depth of the laser pulse, the latter can
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FIG. 3 (color online). (a) Proton energy of the monoenergetic
peak versus target thickness and density for a; =5 and 7 =
10077, (b) proton energy of the monoenergetic peak versus laser
pulse duration for a; = 5, ng/n, = 10, and D = 0.2,

transmit through the target and the light pressure is less
efficient to push the electrons. The maximum proton en-
ergy occurs at about 3 times the normal skin depth due to
relativistic effects [20]. For example, in order to get the
energetic proton beam needed for fast-ignition in iner-
tial confined fusion [6], one may use a laser driver with
wavelength A, = 0.351 um (n, = 0.9 X 10> cm™?), in-
tensity a; = 5 and a plastic-foil (CH,) with thickness D =
0.5A,. In this case a density of ny = 10> cm™3 would
satisfy the PSA condition. Figure 3(b) suggests that at first
the proton energy increases almost linearly with the laser
pulse duration, later it is saturated as the protons become
relativistic [19].

The results obtained so far are based upon the 1D model.
However, real experiments are always multidimensional.
We performed 2D simulations, which indicate that the PSA
mechanism is also effective. The incoming laser pulse has
a rise time of 27; and a Gaussian radial profile with half-
width 5A;, pulse duration 7 = 5077, a; =5 and D =
0.1, (the plasma density rises linearly from 0 to ny/n,
in a distance of 0.05A;). The density is ny/n, = 100 and
the ions are protons. Although the energy spectrum is
broadened due to the transverse laser profile, the monoen-
ergetic peak is fairly consistent with that from the 1D
simulations [about 7 MeV shown in Fig. 4(a)]. As lasers
with a transverse profile can bend the plasma surface
[Fig. 4(b)], the quasi-monoenergetic peak becomes broad-
ened. Furthermore, the J X B heating of electrons becomes
important while the plasma slab is curved as shown in
Fig. 4(c). The fast electrons can go backward and forward
through the plasma slab and lead to TNSA. Surface accel-
erations enhance the energy gain of protons and further
increase the energy spread. Since the protons inside the
compressed electron layer are bunched by the electrostatic
field, the output beam is still quasineutral, like in 1D case
as shown in Figs. 4(b). The backward ion acceleration can
be seen in the proton angular distribution plotted in
Fig. 4(d), which shows that the maximum divergence angle
of the forward-moving particles is less than 15° and the

relative spread of the transverse momentum /{p,*)/(p,*)

is about 0.08, suggesting that the acceleration is perpen-
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FIG. 4 (color online). (a) Energy spectrum of protons,
(b) spatial distribution of n, — n;, (c) energy spectrum of elec-
trons, (d) angular distribution of proton energy, where the blue
and red dots represent the backward and forward particles,
respectively, and the radial circles are labeled in red for the
normalized momentum). All the above results are obtained at
t = 65T;.

dicular to the target surface and the output beam is highly
collimated.

From the simulations, we can conclude that higher
current and monoenergetic and collimated proton beam
can be realized in the realistic multidimensional geometry.
Even though the laser profile tends to bend the plasma
surface and in some runs results in hole boring [15], and
Rayleigh-Taylor and Weibel-like instabilities appear, these
factors increase the energy spread and limit the higher
energy gain. The larger laser spot size will be helpful to
mitigate the hole boring effects and instabilities.

In conclusion, a new mechanism of proton acceleration,
namely, the PSA, has been proposed. A simple analytical
model for the evolution of the accelerated protons is given,
and the results are verified by 1D and 2D PIC simulations.
When the condition a; ~ (ny/n.)D/A; is satisfied, the
protons are synchronously accelerated and bunched like
that in a radio frequency accelerator, therefore high-current
and monoenergetic proton beams can be generated with a
high laser-to-ions energy conversion efficiency. A simple
analytical model for proton acceleration in this new regime
is given, and the results are verified by 1D and 2D PIC
simulations.
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