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Abstract

An optimization scheme for the generation of monoenergetic proton beams by using an overdense hydrocarbon target,
followed by an underdense plasma gas, irradiated by an ultra-intense laser pulse is presented. The scheme is based on a
combination of a radiation pressure acceleration mechanism and a laser wakefield acceleration mechanism, and is
verified by one-dimensional relativistic particle-in-cell (1D PIC) simulations. As compared to the pure hydrogen (H)
target, protons in the hydrocarbon target can be pre-accelerated to higher energy and compressed in space due to the
existence of the heavy carbon atoms, which provides a better injection process for the successive laser wakefield
acceleration in the underdense plasma gas, resulting in the generation of a monoenergetic, tens-of-GeV proton beam.
Additionally, for the first time, it is found that the use of the hydrocarbon target can reduce the requirement for laser
intensity to generate proton beams with the same energy in this combined scheme, as compared to the use of the pure

H target.

Keywords: Combined acceleration mechanism; Hydrocarbon target; Optimized injection process; Particle-in-cell; Proton

acceleration

INTRODUCTION et al., 2000a; Maksimchuk er al., 2000; Snavely et al.,

2000), a discussion about where these energetic protons orig-
inate from, has led to the introduction of the
target-normal-sheath-acceleration (TNSA) (Wilks er al.,
2001) mechanism. However, the energy spread of the
proton beam in TNSA was relatively large. To limit the
proton energy spread, the radiation pressure acceleration
(RPA) mechanism (Esirkepov et al., 2004; Zhang et al.,
2007; Chen et al., 2008; Yan et al., 2008; Robinson et al.,
2008; Qiao et al., 2009) has been proposed. Additionally,
to accelerate protons to a much higher energy, some attention
has been attracted to a combination of RPA and laser wake-
field acceleration (LWFA) mechanisms (Shen et al., 2009;
Yu et al., 2010; Zheng et al., 2012). In the combined mech-
anism, the protons together with electrons in the overdense
target are first pre-accelerated under the laser irradiation.

i i o As the laser pulse penetrates into the target and propagates
Address correspondence and reprint requests to: Baiwen Li, Institute of

Applied Physics and Computational Mathematics, Beijing 100088, Peoples through thf_: underdense plasma gas, a fast-moving W?lk.eﬁeld
Republic of China. E-mail: li_baiwen @iapcm.ac.cn. can be excited. Some pre-accelerated protons can be injected
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With the development of chirped pulse amplification tech-
niques, protons can be accelerated to very high energy in
the interaction between ultra-short ultra-intense laser pulse
and plasma targets. Above laser-plasma-based proton accel-
eration has been of great interests to many researchers due
to its scientific, medical, and technical applications. For ex-
ample, proton beams with high energy and low energy
spread are essential for fast ignition in inertial confinement
fusion (Roth et al., 2001), cancer therapy (Bulanov et al.,
2002), radiography (Borghesi et al., 2003), future compact
accelerators (Shearer et al., 1973), and laser nuclear physics
(Borghesi et al., 2006).

Originated in the last decade, when high energy protons
were first found in ground breaking experiments (Clark
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into the wakefield and further accelerated over a long distance
to an extremely high energy. However, due to the difficulty
in controlling the proton injection process, the energy
spread of these ultra-energetic proton beams needs to be fur-
ther reduced.

In this paper, an optimized scheme to reduce the energy
spread of the proton beam generated by the combined
proton acceleration mechanism is proposed by using a
mixed hydrocarbon (CH) target to control the proton injec-
tion process, and is verified by a series of one-dimensional
relativistic particle-in-cell (1D PIC) simulations. When the
laser first irradiates the CH target, electrons are compressed
at the front into a thin layer, behind which are the protons
pulled by electrons; while the heavy carbon ions are left
behind. Owing to the charge-separation effect and the Cou-
lomb explosion effect (Brantov et al., 2006; Liu et al.,
2013) of the heavy ions, a large longitudinal electrostatic in-
jection field with a negative gradient is formed, which will
effectively further pre-accelerate and compress the protons,
resulting in a large improvement of the proton injection pro-
cess into the laser wakefield. After the improved LWFA, a
monoenergetic, tens-of-GeV proton beam is generated. Ad-
ditionally, for the first time, it is found that the proposed
CH target optimization scheme in this combined mechanism
can reduce the laser intensity needed to generate tens-of-GeV
proton beams in contrast to the use of pure H targets.

SIMULATION MODEL

A multi-dimensional and explicit fully electromagnetic
particle-in-cell (PIC) code with full relativistic plasma parti-
cle dynamics (named EXEMPLAR) is used to verify the pro-
posed optimization scheme of proton acceleration based on
the combined mechanism by using a mixed CH target. We
use a circular polarized laser pulse with a wavelength A, =
1 um and a temporal profile of the normalized laser ampli-
tude a = eE;/m,o,c = apsin>(nt/7), in which, e, E;, m,, o,
and c are the electron charge, laser electric field, electron
mass, laser frequency, and light speed, respectively. Here,
ay is the normalized peak laser amplitude, and T = 257 is the
laser pulse duration, where T; = 21t/ is the laser period. A
CH target, with thickness D = 1 um and located at 0 < x <
1 um, is chosen and assumed to be fully ionized as C%" in
such intense laser pulses. The electron density is n, = 15n,,
where n, = wjm,/4me? is the critical density for the corre-
sponding incident laser pulse, with different ratios of the
number density of C°* in the CH target chosen, ranging
from O to 90%. A tenuous tritium plasma, with a thickness
L =1000 um and density ny = 0.1n,, is put behind the CH
target. A 1200 um long simulation box is constituted by
48000 cells along the x-direction. Each cell of the CH
target is filled up with 3000 macroparticles and the tenuous
plasma with 20 macroparticles. The initial electron tempera-
ture is 1 KeV.

Two-dimensional PIC simulations of such combined
proton acceleration mechanism with RPA and LWFA have
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already been carried out (Yu et al., 2010; Zheng et al.,
2012). The results prove that when considering multi-
dimensional effects, this combined mechanism can also
effectively accelerate protons to extremely high energy.
Accordingly, here, attention is only concentrated on the
improvement of the proton injection process when CH
target is used and 1D PIC simulation results are presented
to properly and clearly reveal the physical picture.

SIMULATION RESULTS

From a scaling study of the number density ratio of C°* to
H™, we find that the maximum energy of the proton beams
is almost the same for different number density ratios for
the CH case, when ag = 200. However, the beam size and
the energy spread are improved as the percentage of
number density of C®" in the CH target increases. Here we
first illustrate this improvement by comparing the result for
one CH case (n;:n, = 9:1, where n; and n,, are number density
of C°* and H") and, for a pure H case (n;:n, = 0). In both
cases, the tenuous plasma gases, located behind the over-
dense target, are the same, with the thickness L = 1000 um
and density ng = 0.1n,.

It is worth mentioning that the normalized laser intensity is
intentionally chosen to be larger than the normalized areal
density of the H target as ag > 211%2 in order to ensure

c M
that the target remains transparent to the laser pulse and
that the wakefield in the underdense plasma gas can be excit-
ed. Under such laser intensity, the RPA mechanism starts to
mix with other acceleration mechanisms, like breakout after-
burner acceleration. However, the dominating mechanism is
still RPA and protons can still be accelerated by the radiation
pressure. Unlike the condition of the phase-stable scheme
(Yan et al., 2008), ag = 211%)\9, where a stable double-layer
c /M

structure of the electron and proton is formed to accelerate
protons to high energy, the condition of our proposed optimi-
zation scheme of the combined mechanism relies on the
wakefield (excited when the laser pulse propagates in the
underdense plasma gas) to accelerate protons to extremely
high energy. Consequently, the energy spread of the proton
beams depends strongly on the proton injection process,
which can be better controlled when a CH target is used.

Figure 1 shows the snapshots of the spatial distribution of
densities at different times, as well as, the longitudinal elec-
trostatic field. For the plots above (Figs. la, lc, and le), a
pure H target, with the same thickness, location, and electron
density, is used to compare with the CH case below (Figs. 1b,
1d, and 1f). As is shown in the first column at r = 67, just
before the laser penetrates into the target, the electrons are
stably pushed by the non-oscillating ponderomotive force
of the circular polarized laser and quickly piled up as a com-
pressed layer at the laser front. In Figure la, the negative-
gradient part of the charge-separation field only works on a
small portion of the protons, bunching, and accelerating
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Fig. 1. Snapshots of the spatial distribution of densities (solid lines) and electrostatic field (dashed line) are shown for the H case (a, ¢, and
e) and the CH case (b, d, and f) at 6, 12, and 700 laser periods, respectively. The initial parameters are as follows: for the H case, the proton
density is n,; = 15n,; for the CH case, the density ratio of C** toHYism;:n p2 =9:1.ng=0.1n, is the electron density of the tenuous

plasma located behind the overdense target.

them; while the rest of the protons are under the positive-
gradient part of the charge-separation field and debunched.
However, in Figure 1b, because of the existence of the
heavy carbon ions in the background, the bunching part of
the charge-separation field is larger (Qiao et al., 2011a;
2011b), and works on almost all of the protons, which results
in a more stable pre-acceleration process.

More importantly, as is shown in the second column at
t = 12T,, when the laser starts to propagate through the
underdense plasma and excites a wakefield in it, a huge
difference in the longitudinal electrostatic field between the
CH target and the H target can be seen. As shown in
Figure 1d, a large negative-gradient longitudinal electrostatic
field is formed between an electron layer and the heavy
carbon layer, due to the charge-separation and the Coulomb
explosion effects. With its large negative-gradient, slower
protons feel larger accelerating force while faster protons
feel smaller one. And with its large amplitude, all protons
will be accelerated to higher velocity. Thus, by moving to-
gether with the proton beam, this novel injection field can
further pre-accelerate the protons to higher velocity and com-
press them as a narrow-structured sheet layer. As a result, we
gain a better proton injection process in this combined proton
acceleration mechanism by replacing the H target with the
CH target.

Finally, in the LWFA stage, as is shown in the third
column at ¢ = 7007}, a narrow-structured proton beam with
only 3 um in size, is observed in Figure 1f. However, in
Figure le, without the bunching effect of the injection
field, the size of the proton beam is stretched to nearly
7 um. To illustrate the bunching effect of the injection field
more clearly, Figure 2 shows the evolution of the beam
size for the H and CH case. It is shown that the size of the
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proton beam in the CH case is smaller than that in the H
case, and the size of the proton beams stably stay around
3 um in all CH cases. With a larger gradient of the wakefield
and a more stretched structure of the injected proton layer, the
debunching effect in H case is larger than that in the CH case.
As aresult, the size of proton beam in the H case grows faster
than that in the CH case. Under the positive-gradient wake-
field, this spatial difference will result in the difference in
the energy spectra.

The energy phase space and the energy spectra of the
proton beams are shown in Figure 3. For the CH case, as

25 . . .
—¢CH Target

—8-H Target

r
o

—_—
=

Beam Size jum
S

as " ‘ i
o ras s Ead Cal 4

(V) (v} At
Cal Cal cad

600 800 1000

Time/T, |

Fig. 2. The size of proton beams at different times. The parameters for the
plasma and laser pulse are the same as those given in Figure 1.
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Fig. 3. The phase space and the energy spectrum of the protons at 10007, where (a) and (c) are for H case, (b) and (d) are for CH case. In
the phase space of protons, the x-axis is the proton position and the y-axis is the proton energy. In the energy spectrum, the x-axis is the
proton energy and the y-axis is the proton number. The parameters for the plasma and laser pulse are the same as those given in Figure 1.

can be seen in Figure 3b, most of the protons have their
energy larger than 60 GeV; while for the H case in Figure 3a,
a large portion of protons has a lower energy. Specifically
speaking, on the one hand, lots of protons from the H
target have their energy lower than 5 GeV, which means
they have not been injected into the wakefield. On the
other hand, a large number of protons have the energy
between 10 GeV and 60 GeV, which indicates that a
certain amount of fast protons keeps dropping out of the
wakefield during the LWFA process. Correspondingly,
differences in the energy spectra are shown in Figure 3c
and Figure 3d. Using the full-width at half-maximum
(FWHM) to illustrate the energy spread, a nearly 3 pum
proton beam gets a FWHM of less than 3% for the CH
case. However, for the H case, the 17 um proton beam has
a FWHM of larger than 35%.

SCALING STUDY OF IMPORTANT PARAMETERS

To further optimize the combined mechanism for proton ac-
celeration, the scaling of the number density ratio of CH and
that of the laser intensity have been studied. The scaling
study of number density ratio of CH is shown in Figure 4a.
As the percentage of number density of C®" increases, the
size of the proton beams has been narrowed from 19 pm
(no carbon) down to about 3 um (90% carbon). At the
same time, the corresponding energy spread of these beams
illustrated by FWHM has also been reduced from 35% (no
carbon) down to nearly 3% (90% carbon). These results
can be explained from two aspects. From the first one,
when the ratio of H' decreases, the formation of the
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longitudinal electrostatic field becomes largely dependent
on the heavy ions and electrons; while the protons are
more like one component that just being accelerated by the
field. In other words, the reduction reaction effect of the pro-
tons to the longitudinal electrostatic field will be constrained
(as we can see from the 3rd column of Fig. 1, with the proton
tail behind in Fig. le, the amplitude of the longitudinal elec-
trostatic field is less than that of CH case in Fig. 1f) so that
the energy spread will be reduced. From the second aspect,
when the ratio of C®" increases, the effect of the Coulomb
explosion becomes larger, and the pushing effect of the
heavy ions to the protons will be larger, too. As a result,
the injection field becomes larger and wider, and its bunch-
ing effect is stronger, leading to a more compressed proton
layer. With the size of the pre-accelerated proton beam
being compressed, in the LWFA, the energy spread of this
beam will be much less.

Another scaling study of the laser intensity is shown in
Figure 4b. When the laser intensity is relatively low, for ex-
ample ap = 80 and ay = 120, the maximum energy of the
protons in the H target is much smaller than those in the
CH target, resulting from the fact that the acceleration mech-
anism for the H target is just RPA. This is because under the
laser intensity condition of ay ~ 211%2 (Yan et al., 2008),

c /M
the laser pulse cannot penetrate through the H target. Instead,
the laser field will stably push the overdense target as a
double-layer structure, and the protons are accelerated by
RPA mechanism. However, the laser can penetrate through
CH target for ap = 80 and ay = 120 cases and the protons
can be further accelerated by LWFA.
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Fig. 4. (a) The size and energy spread of the accelerated proton beams with the percentage of the carbon in the CH target. (b) The max-
imum energy that the pre-accelerated protons can achieve with the laser intensity. The data are counted at 10007;. All the other parameters

are the same with those given in Figure 1.

Figure 5 shows the snapshots of the spatial distribution of
the laser field, the longitudinal electrostatic field and different
kinds of densities at different times in the case of ag = 80. The
plots (Figs. 5a, 5c, and 5e) are the pure H target case, while the
plots (Figs. 5b, 5d, and 5f) are the CH target case. As Figure 5
shows, when a, = 80, the laser fields cannot penetrate through
the pure H target. Instead, the protons and electrons are com-
pressed as a double-layer structure, and it is pushed by the
laser field and stably accelerated in the RPA mechanism.
Moreover, with laser field co-moving with the double-layer
structure, no wakefield is excited in the plasma gas region,
thus no LWFA mechanism is involved in the acceleration

process of this pure H case. However, the same laser fields
can penetrate through the CH target, and excite a wakefield
behind in the gas plasma region, and the protons are acceler-
ated in the combined mechanism (RPA and LWFA). In fact,
such difference comes from the balance between the forces of
the laser pressure and the charge-separation field. When the
target is mixed with high-Z components, the charge-
separation field becomes lower. As a result, a lower intensity
of the laser pulse is needed to balance the force of the charge-
separation field, as compared with the pure H target. There-
fore, the laser can penetrate through the CH target and excite
the wakefield in the tenuous plasma. Thus, in contrast to the
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Fig. 5. Snapshots of the spatial distribution of densities (solid lines), longitudinal electrostatic field (blue dashed line) and laser field
(green dashed line) are shown for the H case (a, ¢, and e) and the CH case (b, d, and f) at 6, 12, and 18 laser periods, respectively.
The initial parameters are the same with those given in Figure 1 except that ay = 80, and n.gp = no = 0.1 is the electron density of
the tenuous plasma, n,r is the electron density of the target, n;r is the carbon ion density of the target and E, is the y-component of

the laser field.
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pure H case, protons in the CH target can experience a
second stage acceleration in the wakefield and achieve a
much higher energy.

As the intensity of the laser pulse increases to ap = 160,
both of the two targets become transparent for laser pulses.
However, without the heavy ions in the H case, protons are
hard to inject into the wakefield. Consequently, the maxi-
mum proton energy in the H case is still smaller than that
in the CH case. When we keep increasing the laser amplitude
to ag = 200, even, ag = 240, the effect of the RPA stage will
be large enough to inject the protons into the wakefields for
both H and CH cases. Once the protons are captured by the
wakefields, which have little difference in the peak amplitude
(see from Figs. le and 1f), they will be accelerated to almost
the same maximum energy.

In short, for the first time, by using the optimized CH
target scheme, we can reduce the requirement for the laser in-
tensity to get protons up to tens of GeV, as compared to the
use of the H target in this combined mechanism. If our pro-
posed optimization acceleration scheme is proved to be fea-
sible, then, within the current laser sources, much higher
proton energy can be achieved by using the CH targets.

CONCLUSION

In conclusion, an optimization of the proton acceleration
scheme of the combined mechanism by using a CH target
is proposed and verified by 1D PIC simulations. A strong
longitudinal electrostatic injection field with a large negative
gradient is formed due to the charge-separation and Coulomb
explosion effects, because of the existence of the heavy ions.
This novel injection field can largely improve the proton in-
jection process into the wakefield by further pre-accelerating
and compressing the protons. As a result, a contraction of the
beam size and an improvement in the proton energy spread
are achieved in the end. In addition, the scaling study of
the laser intensity demonstrates that one can use CH targets
to get much higher proton energy under the combined mech-
anism, by using a currently available laser sources, in com-
parison with the use of pure H targets.
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