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Abstract

A scheme for the improvement of proton beam quality by the optimized dragging field from the interaction of ultraintense
laser pulse with a complex double-layer target is proposed and demonstrated by one-dimensional particle-in-cell (Opic1D)
simulations. The complex double-layer target consists of an overdense proton thin foil followed by a mixed hydrocarbon
(CH) underdense plasma. Because of the existence of carbon ions, the dragging field in the mixed CH underdense plasma
becomes stronger and flatter in the location of the proton beam than that in a pure hydrogen (H) underdense plasma. The
optimized dragging field can keep trapping and accelerating protons in the mixed CH underdense target to high quality.
Consequently, the energy spread of the proton beam in the mixed CH underdense plasma can be greatly reduced down to
2.6% and average energy of protons can reach to 9 GeV with circularly polarized lasers at intensities 2.74 x 10** W /cm?.
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1. INTRODUCTION RPA mechanisms: (light sail) LS-RPA for thin target (Yan
et al., 2008; Chen et al., 2009; Qiao et al., 2010; Yu et al.,
2010; Kar et al., 2012; Palmer et al., 2012; Pae et al.,
2016) and (hole-boring) HB-RPA for the thick target (Rob-
inson et al., 2009; Zhang et al., 2011; Weng et al., 2015,
2016). In particular, HB-RPA has the potential to generate
energetic ion beams with large particle number (Badziak
et al., 2011; Weng et al., 2016). In the HB-RPA regime,
the ponderomotive force of laser pulse drives the local elec-
trons inward, resulting in a shock-like double-layer region
with large charge separation field. The latter could trap and re-
flect the ions initially located ahead of the double layer to a
speed twice of the shock velocity, accelerating them like a
piston (Schlegel et al., 2009). When the piston is detached
from the target and further accelerated as a whole by the radia-
tion pressure, the acceleration stage is called LS-RPA. Recently,
Jiet al. presented that the laser-driven foil in the LS-RPA stage
can serve as a perfect relativistic piston, which can trap and re-
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In recent years, ion acceleration from the interaction of an ul-
traintense laser pusle with plasma has attracted wide attention
(Zhou et al., 2010; Macchi et al., 2013; Wu et al., 2013). The
generated ion beams have many potential applications, in-
cluding fast ignition of inertial confinement fusion (Roth
et al., 2001), cancer therapy (Ledingham et al., 2014),
laser nuclear physics (Borghesi et al., 2006), high-resolution
radiography (Paudel ef al., 2012), and so on. Most of these
applications require high-quality ion beams with high con-
version efficiency, a large particle number and low energy
spread, etc. (Macchi et al., 2013).

Radiation pressure acceleration (RPA) has been consid-
ered as a promising scheme to produce high-quality ion
beams suitable for many applications. According to the
target thickness, usually there are two distinct modes of
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and it will lead to the protons defocus in phase space and broad-
en its energy spectrum. Of course, quasi-monoenergetic proton
beams can be achieved by reducing the plasma length (Ji ez al.,
2014). Moreover, we can optimize the dragging field to further
improve the quality of the proton beam accelerated by the rela-
tivistic piston.

In this paper, we present a complex double-layer target that
is illuminated by a circularly polarized (CP) laser pulse to
generate an optimized dragging field. The complex double-
layer target is composed of an overdense proton thin foil fol-
lowed by a mixed hydrocarbon (CH) underdense plasma
region. Much work has shown that using mixed CH targets
can effectively alleviate transverse instabilities and reduce
the energy spread of proton beam in the RPA mechanism
(Yu et al., 2010; Kar et al., 2012; Pae et al., 2016). The
mixed CH underdense plasma employed here is to produce
an optimized dragging field, which can trap and accelerate
the protons to high quality. The thin foil target is first accel-
erated by the light pressure as a whole in the simple LS-RPA
regime, and a moving electrostatic field generated by the thin
foil can serve as the relativistic piston. As the piston propa-
gates into the mixed CH underdense plasma region, it can
trap and reflect the protons to ultrahigh energies with low
energy spread. The existence of carbon ions can effectively
optimize the dragging field behind the piston in mixed CH
underdense plasma, and so the optimized dragging field de-
creases more slowly than that of the pure hydrogen (H)
target. As a result, the protons in the mixed CH underdense
plasma are trapped and accelerated by a slightly uniform
strong electrostatic field. It is demonstrated by one-
dimensional relativistic particle-in-cell (PIC) simulations.

2. PIC SIMULATION MODEL

This paper presents numerical results obtained by one-
dimensional relativistic PIC OpiclD (Zhang et al., 2014) to
avoid multidimensional effects. The simulations are per-
formed for a CP laser pulse with peak amplitude a = 100
(corresponding to the intensity 2.74 x 10> W/cm?) and
laser wavelength A = 1 pum. The laser pulse shape is de-
scribed by a trapezoidal. Its amplitude increases linearly to
the maximum in 1 T (T is the laser period) and then remains
constant for 50 T. Initial electron density distribution of the
complex double-layer target is shown in Figure 1. The elec-
tron density of the overdense proton thin foil is n.; = 80 n,
(black line), where n. = w’m./4mne* is the critical density for
the corresponding incident laser pulse, and 1., e, w represent
the electron mass, electron charge, and the laser frequency, re-
spectively. The proton density of the thin foil is the same as elec-
tron density n,; = 80 n.. The foil thickness is d¢ = 0.4 X, which
corresponds to the optimal LS-RPA condition (Macchi et al.,
2009). The mixed CH underdense plasma is composed of
carbon ions (C®") and protons (H) with the same density
0.014 n. (nc : ny, = 1:1), which corresponds to an electron den-
sity ne; = 0.1 n. (red line). The thickness of the mixed CH
underdense plasma is D = 10 A. The foil target is initially
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Fig. 1. Initial electron density distribution of the complex double-layer
target.

located at 10 A and the wave front of the laser pulse impinges
on its surface at = 10 T. The distance between the foil and
underdense plasma is 10 A. The simulation box size is 500 A
with mesh grid 50,000 in the x-direction. Each cell of the foil
target is filled up with 1000 macroparticles and the underdense
plasma with 100 macroparticles. The initial electron and ion
temperatures are both set to zeros. For comparison, we calculate
a pure H underdense plasma with the same thickness, location,
and electron density n., = 0.1 n.

3. SIMULATION RESULTS

We have applied one-dimensional PIC OpiclD, where trans-
verse nonuniformity of the laser and the target and transverse
instabilities of the target during acceleration process are ig-
nored. In Figure 2, we show the spatial distribution of laser
field, electrostatic field, electron density, proton density,
and carbon ion density from PIC simulation at: (a) t=
11T, () t=35T, (c) t=100T, and (d) =300 T, respec-
tively. The electron density is shown as negative to show
the different densities of the ions and electrons more clearly.

In Figure 2a at t = 11 T, the electrons in the foil are first
pushed by the steady ponderomotive force of ultraintense
CP laser pulses and quickly compressed in a very thin
layer at the front of laser pulse, then the protons in the foil
are pulled by the induced strong charge separation electro-
static field E,. Subsequently, the protons and electrons in
the foil are pushed forward as a piston by the laser radiation
pressure in the LS-RPA regime. Figure 2b shows that the
moving piston driven by intense laser pulses propagates
into the mixed CH underdense plasma region, the electrons
in underdense plasma are also quickly compressed into a
thin layer at the laser front. Since carbons and protons in
underdense plasma are initially colocated, the protons expe-
rience an earlier trapping and reflecting due to their higher
charge-to-mass ratio (Z;/m;) by the moving piston (Qiao
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Fig. 2. Spatial distribution of the laser field E;, =

X/

Ef + E? (black line), electrostatic field E, (red line), electron density n. /. (blue line)

and proton density n;,/n. (green line) in the foil for the mixed CH underdense plasma at four times; (a) t=11T, (b) t=35T, (c) t =
100 T, and (d) =300 T, respectively. The spatial density distribution of electrons n.,/n. (cyan line) and protons ny,/n. (magenta
line) as well as carbon ions nc/n. (yellow line) in the mixed CH underdense plasma are also shown.

etal,2010; Yu et al., 2010), while the heavier carbon ions are
almost unaffected at = 35 T. The dragging field behind the
foil drops almost linearly with the distance. At =100 T as
shown in Figure 2c, the dragging field is optimized due to
the existence of carbon ions, and the optimized field
behind the piston drops with distance more slowly than
that in Figure 2b. These two ions in the mixed CH under-
dense plasma experience clearly different dragging field.
Most of all, the trapped protons experience a stronger and
slightly flat dragging field, whereas the carbon ions feel a
weaker and defocused field. As a result, the distance between
the two ions in space increases. The proton beam is acceler-
ated to high velocity with a small size and carbon ions are
spread widely in space. Figure 2d shows that the protons in
the mixed CH underdense plasma have surpassed the relativ-
istic piston structure, as the velocity of the foil reaches the
critical value at + = 300 T. Thereafter, the protons will not
be trapped any more, and their energy will get saturated.
The carbon ions are extensively spread in space and do not
form a clear bunch. During the whole process, a portion of
laser is consumed in the interaction and the peak amplitude
of the dragging field gradually decreases with time, which
is consistent with a previous paper (Ji et al., 2014).

Figure 3a, 3b show the temporal evolution of average
energy and energy spectra for protons in the mixed CH
underdense target, the pure H underdense target, and the
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thin foil target, respectively. Since the laser pulse is firstly in-
cident onto the thin foil target, the average energy of proton
in the foil is larger than that in other two cases before ¢ =
70 T. Subsequently, the average energy of trapped and re-
flected protons by the dragging field in underdense plasma
is much higher than that of thin foil targets. At =300 T,
the proton average energy in the mixed CH target is as
high as 9 GeV, which is slightly higher than that in the
pure H target and nearly three times as much as that of the
thin foil in a simple LS-RPA mechanism. It is clear that
using mixed CH underdense plasma can effectively increase
the average energy of the protons. In Figure 3b, the energy
spectra of different cases show that the proton energy increas-
es more in underdense plasma than that of thin foil in
the simple LS-RPA regime. Moreover, the energy spread
E/Egwum is only 2.6% in the mixed CH case, whereas
that in the pure H case and thin foil is about 15.8 and
8.5%, respectively. The result clearly indicates that using a
mixed CH underdense target can significantly improve the
average energy and energy spread of the proton beam.

The improvement of proton beam quality in the mixed CH
underdense plasma can be explained by the electrostatic field
E, as shown in Figure 4a. For comparison, Figure 4b shows
the electrostatic field in a pure H underdense plasma case.
The insets show the spatial distribution of E, and ion density
n; at ¢ = 100 T in both the cases. Although the peak value of
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Fig. 3. (a) Temporal evolution of proton average energy and (b) energy spectra of protons at t = 300 T. The black line means the mixed
CH underdense plasma, and the red and blue lines are for the pure H underdense plasma and the thin foil, respectively.
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Fig. 4. Spatial-temporal of the electrostatic field E, from 1D simulation for (a) the mixed CH target and (b) the pure H target. The insets
show the spatial distribution of protons (red line) and carbon ions (blue line) density and electrostatic field E, (black line) corresponding to

the the dashed black lines at = 100 T.

E, in the inset for both targets is almost the same at the same
time, there is a distinctive difference in the slope of dragging
field. The dragging field in the mixed CH target becomes
stronger and flatter in the location of the proton beam than
that in the pure H target. During the whole process, the pro-
tons in the mixed CH underdense plasma are located at the
optimized dragging field, which leads to the compact
proton beam structure and the carbon ions spread extensively
in space in Figure 4a. For the pure H target case, the protons
are located at the quickly decreased part of the dragging field,
which results in the protons defocusing in phase space.

4. CONCLUSION

In conclusion, we investigated an optimization of the drag-
ging field in the interaction of the ultraintense CP laser
pulse with the complex double target using 1D PIC simula-
tions. Due to presence of the carbon ions in mixed CH
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underdense plasma, the dragging field is optimized and the
quality of proton beam is significantly improved. The
proton average energy in the mixed CH target can reach to
9 GeV, which is slightly higher than that in the pure H
target and nearly three times as much as that of the thin
foil in simple LS-RPA mechanism. Moreover, the proton
energy spread of the mixed CH case is only 2.6%, while
that in the pure H case and thin foil is about 15.8 and
8.5%, respectively. The studies of the CH ratio of the
mixed underdense plasma and 2D PIC sumulations have
been also investigated and the results will be presented in
future publication.
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