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Synchronized proton acceleration by ultraintense slow light (SASL) in low-density targets has been
studied in application to fabricated carbon nanotube films. Proton acceleration from low-density plasma
films irradiated by a linearly polarized femtosecond laser pulse of ultrarelativistic intensity was considered
as result of both target surface natural contamination by hydrocarbons and artificial volumetric doping
of low-density carbon nanotube films. The 3D particle-in-cell simulations confirm the SASL concept
[A. V. Brantov et al., Synchronized Ion Acceleration by Ultraintense Slow Light, Phys. Rev. Lett. 116,
085004 (2016)] for proton acceleration by a femtosecond petawatt-class laser pulse from realistic lowdensity targets with a hydrogen impurity, quantify the characteristics of the accelerated protons, and
demonstrate a significant increase of their energy compared with the proton energy generated from
contaminated ultrathin solid dense foils.
DOI: 10.1103/PhysRevAccelBeams.20.061301

I. INTRODUCTION
Laser-driven proton acceleration is a topic of extraordinary
interest for fundamental research and possible applications in
nuclear physics [1], laboratory astrophysics [2], inertial
confinement fusion [3], proton radiography [4], nuclear
medicine and biology [5], and extreme states of matter
[6]. These issues motivated a worldwide search for different
ion acceleration mechanisms [7] with the aim to maximize
both the yield and the energy of the protons. In this context,
an important role is played by low-density targets with an
electron density close to the relativistic critical density. In the
last few years, these targets have already shown promising
results for effective ion acceleration.
The most widely accepted basic idea for using near-critical
planar targets is to increase laser absorption by the target thus
enhancing target normal sheath acceleration (TNSA) [8,9]
or ion acceleration through affective volumetric heating
[10,11]. One more approach is to use the near-critical
layer for relativistic pulse shaping and fast focusing to reach
the radiation pressure acceleration (RPA) regime [12].
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A principally new concept for using low-density targets
for proton acceleration was recently proposed based on the
synchronized propagation of the laser pulse and proton
bunch [13]. The key points of this acceleration mechanism
are to stop the laser pulse at the front of the target and then
accelerate the infiltrating intense part of the pulse inside the
plasma at the same rate as the proton energy increase in the
ponderomotive potential to achieve synchronized acceleration by slow light (SASL). In this concept, the linearly
polarized laser pulse propagates and increases its group
velocity as a result of increasing plasma transparency as the
ponderomotively driven electron spike on the down-going
pulse ramp disappears during pulse propagation.
The 3D particle-in-cell (PIC) simulations in support of
the SASL mechanism were performed with the example of a
low-density CH2 target [13]. Such a material does not yet
exist, and a suitable hydrogenated material is highly desirable
as a substitute from the experimental standpoint. For applications, it is required to produce low-density films homogeneous at the μm-scale with a density one to two orders of
magnitude below the solid state density and with reasonable
flexibility to tailor target parameters. These requirements
make fabricating the target a fundamental research and
advanced technology issue in the field of material nanoscience and technology [14,15]. Nanostructured targets are
also discussed as a way of increasing the efficiency of lasertarget coupling and proton acceleration [16,17].
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FIG. 1. The SEM images for the SWNT films with a density of 0.1 mg=cm3 (left panel) and 1 mg=cm3 (right panel) synthesized by an
aerosol method with different deposition times.

In this paper, we extend recently published results of
SASL simulations [13] with hypothetical low-density targets
to targets that are available in practice. In Sec. II, we
describe low-density carbon nanotube films produced in
the Prokhorov General Physics Institute of the Russian
Academy of Sciences (GPI RAS). In Sec. III, we present
3D PIC simulations of proton acceleration from low-density
carbon nanotube film with hydrocarbon contaminated
surfaces. In Sec. IV, we present similar simulations for
volumetrically hydrogenated low-density carbon targets.
Section V contains our conclusions.
II. FABRICATION OF LOW-DENSITY FILMS
ON A BASE OF CARBON NANOTUBES
Two approaches are now available in the GPI RAS for
producing films of assembled single-wall carbon nanotubes
(SWNTs). The SWNTs with an average diameter of
1.6–2.2 nm were synthesized by an aerosol technique
[18]. The films were deposited onto nitrocellulose filter
on the bottom of the synthesis chamber. The nitrocellulose
filter has a very weak adhesion, which allows reprinting the
SWNT film onto any desirable substrate. Both the film
density and its thickness can be varied by changing the
deposition time. The SWNT films were characterized using
scanning electron microscopy (SEM). In Fig. 1, the SEM
images of the SWNT films with densities of 0.1 mg=cm3 (left)
and 1 mg=cm3 (right) are shown. The typical thicknesses
of the SWNT films produced by the aerosol technique is
100–200 nm. Thicker films can be produced by increasing the
deposition time. For example, a 1 mg=cm3 30 μm SWNT foil
can be produced during a deposition time of a few hours.
The thicker SWNT targets (see Fig. 2) were formed from
SWNTs with an average diameter of 1.4 nm synthesized
by an electrical arc discharge using a Ni=Y2 O3 catalyst
in an Ar atmosphere [19]. The SWNT targets with a density
of 30–50 mg=cm3 required for the experiments with
relativistically intense laser pulses were deposited on quartz
or Al2 O3 substrates. The SWNT films with a thickness of

5–10 μm are routinely produced by this technique by
decanting through the filter an aqueous suspension containing 8–10 mg of a raw arc synthesis soot, containing
about 20% of single-wall carbon nanotubes. We expect that
the technique used allows us to fabricate thicker films, e.g.,
the twice-thicker film will require about 20 mg of soot.
To enrich the films with hydrogen, the nanotubes were
filled with coronene (C24 H12 ) molecules [20]. Prior to the
filling procedure, the nanotube caps were opened by
heating in air for 25 min at 450 °C. The filling was
performed in sealed glass tubes using the gas phase
technique. The SWNTs in the glass tubes were spatially
separated from the coronene powder (Angene). The treatment was performed in an Ar atmosphere at 450 °C for
13 h. After synthesis, samples were washed in toluene to
remove coronene and side products from the outer surface
of the nanotubes. Additional heating was performed for 2 h
in an Ar atmosphere in glass tubes without coronene
powder. The structural characterization of such targets

FIG. 2. The SEM image of the film formed from SWNTs
synthesized by an arc discharge technique.
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FIG. 3. The HRTEM image of coronene (C24 H12 ) stacks inside SWNTs (left panel) and a computer modeling [21] of stacking (right
panel).

with high-resolution transmission electron microscopy
(HRTEM) shows that coronene molecules are stacked inside
the nanotubes (Fig. 3). With this technique, the mass fraction
of hydrogen in the SWNT–coronene target reaches 2%.
III. 3D PIC SIMULATIONS OF PROTON
ACCELERATION FROM A LOW-DENSITY
FILM WITH HYDROCARBON
CONTAMINATED SURFACES
In experiments, a surface of porous carbon nanotube film
is naturally contaminated by hydrocarbons and can therefore be used for laser-triggered proton acceleration. In this
section, we present a numerical simulation of laser acceleration of protons from surface-contaminated thin solid
foils and low-density plasma targets using the 3D PIC code
MANDOR [22]. A linearly polarized pulse of 30 J energy
with a maximum intensity 5 × 1021 W=cm2 (a dimensionless laser field amplitude a0 ≈ 60 for the wavelength
λ ¼ 1 μm) is focused on the front side of a target at normal
incidence. It has a Gaussian shape in time (FWHM duration
is τ ¼ 30 fs) and in the transverse direction (FWHM focal
spot size is Df ¼ 4 μm). In the numerical PIC method we
model carbon nanotube substrate as a plasma with homogeneous electron density equal to the averaged electron
density of fully ionized carbon in the target of given mass
density. This is a quite adequate model for relativistically
strong laser field and extremely small characteristic space
scales of the nanostructured material. The typical diameter
of carbon nanotubes is 1.2 nm, the distances between them
are 10–100 nm with characteristic scale ∼30 nm (porous
size). The Coulomb field of such ionized nanotube may
confine electrons only for weak laser field, a0 < 1. The
quiver distance of the oscillating electrons can be less than
the porous size for the same condition, a0 < 1. These
estimates confirm that for ultrarelativistic intensities (considered here) electrons from different nanotubes are well
mixed in the laser channel and laser pulse propagates
within homogenized electron fluid. As concerning the
small scale ion skeletons, it is even not important whether
or not they well smoothed due to Coulomb explosion since
they do not affect laser pulse propagation in a target. As
targets, we assume a low-density carbon nanotube film with
electron density ne ¼ 20nc (case 1) and an ultrathin solid
carbon foil (ne ¼ 200nc , case 2) of optimum thicknesses

(respectively 6λ and 0.12λ) with two contamination surface
layers, one on each side (ne ¼ np ¼ 20nc ). Here nc is the
plasma critical density, np is the proton density. The thickness of the contamination layers is δ ¼ 20 nm. As an
alternative in the case of a low-density carbon target
(case 3), we also use a proton impurity distributed near a
surface inside the target with a linearly decreasing density
profile such that the proton density changes from 4nc at the
target boundary to zero at the distance 0.2λ, which gives the
same number of protons as in the first case. We also perform a
run (case 4) for a proton contamination layer of thickness
0.2λ with a homogeneous proton density of 4nc , which
doubles the total proton number compared with case 3.
In our 3D simulations, we used a numerical mesh with a
cell size x × y × z ¼ 0.01λ × 0.05λ × 0.05λ. The pulse,
linearly polarized in the z direction, propagates in the
x-direction, from the left border of the simulation domain
to the right. A number of runs have been performed with the
longitudinal resolution twice as fine (λ=200), aiming to better
resolve a skin-depth length in the case of thin solid-density
foils. The size of the simulation domain was 20–60λ in
the x direction and 20λ transversely (cf. Fig. 4, bottom).
The target, placed at a distance of 3–5λ from the left boundary
of the domain, transversely spanned the entire domain (as can
be seen in Fig. 4, bottom). Each simulation ran for 300 fs.
For the solid-density foils, we used 12 macroparticles (first
order particles) of each species per cell, with the total number
of particles of about 2 × 108 . For the thick low-density
targets, we used 2 particles of each species per cell inside the
main target and 6 particles of each species per cell for
electrons and protons inside the contamination layer (the
total number of particles close to 109 ).
The proton phase space as well as proton space
distribution in Fig. 4 show proton acceleration from a
low-density target in the SASL regime (case 1). Most
energetic protons are accelerated from the front side of the
target. They gain the most energy inside the target (compare
t ¼ 97 fs and t ¼ 195 fs in Fig. 4). The conventional back
side TNSA is less effective in this case. This can be clearly
seen by comparing the velocities of the protons generated
at the front and rear sides of the target for all times. We
compared the efficiency of SASL with proton acceleration
from a solid carbon foil of optimum thickness with surface
hydrogen contamination that gives the maximum proton
energy [23]. The latter case corresponds to volumetric
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FIG. 4. Phase space (top) and density counter plot (bottom) of protons accelerated from contamination layers of low-density carbon
target (case 1) at three instants: the film is situated between x ¼ 5λ and x ¼ 11λ.

target heating [10,23,24] where several mechanisms of
proton acceleration work all together: Coulomb explosion,
TNSA, and radiation pressure. The spectra of protons from
the targets considered are shown in Fig. 5. The SASL
regime gives a twofold energy increase compared with the
case of proton acceleration from a thin solid foil of
optimum thickness (compare the black and gray lines in
Fig. 5). This is similar to what was demonstrated for
hypothetical CH2 targets [13]. We also studied the role of a
more deeply distributed hydrogen contamination (gray
dashed curve in Fig. 5) and found that the deeper
penetration of the proton impurity inside the target has
little effect on the maximum proton energy. At the same
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time, the deeper penetration of the proton impurity
increases the number of high-energy protons. Because of
the smooth redistribution of the same number of protons
near the front target boundary, more protons became
involved in the SASL regime. In addition, the total number
of high-energy particles increases with the average proton
density inside the target contamination layer (compare the
solid and dashed gray curves corresponding to cases 3
and 4). The peak ponderomotive potential inside the target,
∼65 MeV [13], would be the energy that an ion gains in
passing through the electrical sheath. Conversely, in the
SASL case, the protons move together with the sheath,
which increases the acceleration distance multifold. We
have estimated the number of protons with the energy in
excess of ponderomotive potential, 65 MeV, for the case 1
as 2 × 109 (bunch energy ∼0.03 J) and for the case 4 as
1.5 × 1010 (bunch energy ∼0.3 J). For example, in the case
4 a bunch of these energetic protons contains approximately 30% of the total energy of all accelerated protons.
The protons with the energy above 65 MeV propagate from
a target back side as a bunch with initial length of 10-μm
having a 20 degree divergence angle.

400

MeV

FIG. 5. Spectra of protons accelerated from the contamination
layer of a solid foil (black curve, case 2) and a low-density target
in cases 1, 3, and 4 (the respective dashed black, solid gray, and
dash-dotted gray curves).

IV. 3D PIC SIMULATIONS OF PROTON
ACCELERATION FROM VOLUMETRICALLY
HYDROGENATED LOW-DENSITY FILM
Regarding the low-density carbon nanotube targets
volumetrically enriched with hydrogen described in
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V. CONCLUSION
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FIG. 6. Maximum proton (dots) and carbon ion (triangles)
energies versus hydrogen concentration for the target electron
density 200nc and thickness l ¼ 0.12λ (black curves) and for
low-density targets with ne ¼ 20nc and l ¼ 6λ (gray dashed
curves).

Sec. II, we here study the effect of a partial proton density
on the maximum energy of laser accelerated ions.
To have a comparable example, we first simulated ion
acceleration from hydrogenated solid-density targets of
optimum thickness to ensure the maximum possible ion
energy from such targets [10]. We used fully ionized
solid-density carbon foils (ne ¼ 200nc ¼ nH þ 6nC ) with
different proton percentage contents. The optimum thickness of the target is l ¼ 0.12λ. The maximum energies of
protons (black dots) and Cþ6 ions (black triangles) for
this target thickness are shown in Fig. 6. The maximum
energy of protons accelerated from a thin solid foil of
optimum thickness increases with the hydrogen concentration in accordance with the theory of plasma expansion
into a vacuum or the TNSA mechanism [25]. It reaches
the maximum value of ∼290 MeV for a target with a
hydrogen concentration ∼50%. We note that a cryogenic
hydrogen target gives practically the same proton energy
(not shown). For carbon foils with a hydrogen impurity,
the maximum proton energy is independent of the hydrogen concentration. The same energy ≃200 MeV is
obtained for 0.05%, 0.5%, and 5% hydrogen because
the protons can be treated as test particles in a carbon
environment. Correspondingly, the carbon ions also gain
the same energy ≃120 MeV until hydrogen concentration exceeds 5%, after which the carbon ion energy
decreases.
We performed the same simulations with volumetrically
hydrogenated low-density targets (ne ¼ 20nc ). In contrast
to the case of solid-density foils, we found no significant
dependence of both protons and carbon ions on the
hydrogen density for a target thickness l ≳ 6λ. Such
robustness is useful for controllable ion energies in experiments in which the availability of hydrogen concentration
data is poor. The number of accelerated protons linearly
increases with hydrogen density. For example, 3% of
hydrogen inside a target results in acceleration of ∼109
protons with the energy in excess of 200 MeV.

As presented here, modern techniques for producing
films of assembled single-wall carbon nanotubes (SWNTs),
including hydrogen doping, with desirable mass densities
and thicknesses open ways to implement them for lasertriggered ion generation. Such SWNT films are well suited
for the recently proposed synchronized acceleration of
protons by slow light (SASL) [13]. Based on 3D PIC
simulation, we have shown the extraordinary efficiency of
proton acceleration in terms of maximum proton energy
from low-density carbon nanotube targets with hydrogen as
a surface contamination and as a volumetric impurity.
The energy conversion efficiency to the protons with
energy in excess of laser ponderomotive potential increases
almost proportionally to the partial hydrogen density until
the latter stays considerably less than a carbon density and
reaches about 1%. This open a way for further increase of
energy conversion efficiency with SASL if new low-density
strongly hydrogenized targets could be produced. We hope
that presented results will motivate future experimental
works to confirm the SASL concept, especially because
low-density SWNT targets are currently available.
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