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Ultraintense laser pulses with a few-cycle rising edge are ideally suited to accelerating ions from
ultrathin foils, and achieving such pulses in practice represents a formidable challenge. We show that such
pulses can be obtained using sufficiently strong and well-controlled relativistic nonlinearities in spatially
well-defined near-critical-density plasmas. The resulting ultraintense pulses with an extremely steep rising
edge give rise to significantly enhanced carbon ion energies consistent with a transition to radiation
pressure acceleration.
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Laser-driven ion accelerators provide a route to achieve
high-quality ion beams (both transversely and longitudi-
nally) with energies typically of the order of 10 s of MeV
over acceleration distances of only a few micrometers.
Most experiments to date have exploited target normal
sheath acceleration (TNSA), in which ions from the rear
surface are accelerated in strong sheath fields that are set up
by energetic (hot) electrons produced by absorbing the
intense laser pulse [1].
Scaling to higher beam energies and achieving quasi-

monoenergetic beams with reduced divergence has
remained the topic of intense research. Novel acceleration
modes in the relativistic transparency regime, the break-out
afterburner [2], or the radiation pressure acceleration
regime (RPA) [3] promise enhanced intensity scaling,
preferential acceleration to high beam energy, and higher
laser ion conversion efficiency, as ideally in RPA the
majority of the ions in the laser focal volume are accel-
erated to similar velocities.
In RPA, the accelerating field is generated in an ultrathin

foil target between the plasma electrons pushed by the
radiation pressure of the reflected laser pulse and the ions.
In contrast to TNSA, electron heating should be suppressed
to avoid premature expansion of the target. This requires
circularly polarized laser pulses with a sudden intensity
rise. At the same time, for RPA to become the dominant
acceleration mechanism requires that thinnest-possible
foils remain opaque during the interaction with the very
intense laser [3]—placing challenging requirements on the
laser that have yet to be met by laser technology.
In principle, intensities beyond the focused intensity in

vacuum coupled with a sufficiently steep rising edge can be

achieved by exploiting the relativistic quiver motion of
plasma electrons. The relativistic mass increase in regions
of high laser intensity results in spatiotemporal nonlinear-
ities that can lead to relativistic self-focusing [4] and pulse
front steepening [5]. Laser-driven electron acceleration in
underdense plasmas, for example, has benefited from the
fact that initially unsuitable laser pulses are modified by
relativistic nonlinearities over millimeter-length scales to
the desired spatial and temporal shape to reach the bubble
regime [6], resulting in GeV-electron bunches accelerated
from centimeter-scale plasmas [7].
To translate this well-known concept to ion acceleration,

in particular to RPA, poses the challenge of creating
sufficiently uniform plasma with near-critical density
(NCD) and lengths on the micrometer scale, i.e., the
characteristic length scale on which the nonlinearities
modify the pulse to the desired high intensity and sudden
rising edge [8]. To date, it has, therefore, not been possible
to exploit relativistic pulse shaping to pulses with high
intensity and fast focusing geometry.
In this Letter, we demonstrate that the NCD plasmas

formed using carbon nanotube foams (CNFs) [9] allow
controlled shaping of laser pulses employing fast focusing
optics for the first time. We apply these pulses to ion
acceleration from thin diamondlike carbon (DLC) foils [10]
and demonstrate significant energy increases and spectral
signatures consistent with a transition to the RPA regime.
Relativistic self-focusing and pulse front steepening can

be understood in terms of the spatiotemporal variation of
the refractive index η due to the relativistic mass increase
m0 ¼ með1þ aÞ so that η ¼ ð1 − ne=ancÞ1=2 in response to
a relativistically intense laser pulse with normalized vector
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potential amplitude a ≫ 1. Here, ne and nc are the electron
and critical density of the plasma. As η is larger in the
center, the plasma acts as a focusing lens and relativistic
self-focusing occurs. Similar in the temporal domain, the
center, high-intensity part of the pulse travels faster than the
front, leading to a steepened pulse. While for weakly
focused lasers, plasma densities ne ≪ nc are sufficient
and easily achieved experimentally (e.g., for plasma wake-
field accelerators), for ion acceleration laser pulses are
typically strongly focused to focal spot diameters DL of a
few micrometers. Therefore, an at least equally strong
plasma lens is required to enhance the laser further.
Recently, three-dimensional particle-in-cell (PIC) simula-
tions [8] have revealed that NCD plasmas can provide such
strong focusing, well approximated by the plasma-lens f-
number

Fno: ¼ ða0nc=neÞ1=2: ð1Þ

For our experiment described below, self-focusing occurs
over very short distances f ¼ Fno:DL ≈ 8 μm.
The sharp-edged, short NCD plasma is provided by

employing CNF targets [9]. These can be controllably
produced with thicknesses in the micrometer range, either
freestanding or coated onto nanometer-thin solid foils. The
CNFs in our experiment are structured on the nanometer
scale (average 100 nm gap between 10 and 20 nm CNF
bundles) and display uniform density on lengths scales of
the laser wavelength (λL ¼ 0.8 μm). The average electron
density for fully ionized CNF foils is estimated to be
ð3.4� 1.7Þ × 1021 electrons=cc, i.e., ð2� 1Þnc. Here cc
denotes cubic centimeter.
These novel NCD targets were investigated using the

Gemini laser at the Central Laser Facility of the
Rutherford Appleton Laboratory. A recollimating double
plasma mirror system was introduced to enhance the laser
contrast to a ratio of 10−9 at 5 ps before the peak of main
pulse with a typical energy loss of 50%. An f=2 off-axis
parabolic mirror was used to focus the 50 fs pulses to a
full-width-at-half-maximum focal spot of DL ≈ 3.5 μm.
The energy on target after transport losses was estimated
at 4–5 J, corresponding to a peak intensity of around
2 × 1020 W=cm2ða0 ≈ 10Þ.
The performance of the CNF targets was investigated by

measuring the transmitted pulses over a range of areal
densities as shown in Fig. 1. Comparing the measured
transmission values with results from 3D PIC simulations
allows the density to be estimated in the range ð1–3Þnc
[Fig. 1(a)]. The simulations were performed with the
KLAP3D code [8] with a box size of 20 × 20 × 40 μm3

sampled by 200 × 200 × 1600 cells with 27 quasiparticles
in each cell. The laser transmission measured through
nanometer-thin solid-density DLC foils is shown for
comparison. They are much smaller and consistent with
the much reduced skin depth at higher plasma densities. For

both CNF and DLC, the transmission values for thicker
samples are consistent with higher densities. This effect can
be explained by decompression due to the prepulse affect-
ing thinner samples more strongly.
The temporal shape of the transmitted pulses has been

measured by frequency-resolved optical gating. Figure 1(b)
exemplarily shows the good agreement of measured pulse
shapes with simulation. In particular, the significant pulse
steepening at the front (t < 0) is evident when comparing
the incident laser pulse profile with the one transmitted
through the CNF plasma. As discussed above, strong
spatial self-focusing is also expected in this scenario and
is clearly visible in PIC simulations (inset of Fig. 2). As a
result, the laser intensity I increases as the laser is both
spatially and temporally compressed in the CNF plasma
and reaches peak values of >10× the peak vacuum focused
intensity I0. At the same time, the rise time reduces to ∼4 fs
(Fig. 2). This extremely steep-rising edge accompanied
with much higher peak intensity, thus, provides ideal
conditions for the RPA regime.
The enhanced laser pulses were utilized for ion accel-

eration by coating CNF directly onto nanometer-thick DLC
targets as pictured in the inset of Fig. 2. Using circularly
polarized (CP) laser pulses (to suppress the competing
TNSA mechanism), ion spectra were recorded with a
Thomson parabola spectrometer for different CNF thick-
nesses. The energies increase with increasing CNF thick-
ness, and best performance is observed for the largest CNF
thickness. The corresponding energy distributions of pro-
tons and C6þ ions in Fig. 3(a) reveal that carbon accel-
eration benefits most with an increase in maximum energy
of 2.7 times over an uncoated DLC foil. By contrast, proton

FIG. 1 (color online). (a) Laser transmittance measured
through CNF (red circles) and DLC (blue squares).
Main sources of errors are uncertainties in the areal
density (weight) measurement and background subtraction.
The triangles with different colors represent the transmission
extracted from 3D PIC simulations performed for electron
densities of ne=nc ¼ 1, 3, and 5. (b) Measured and simulated
temporal intensity distribution evidencing pulse front steepening
through a 7 μm thick CNF target (corresponding to an areal
density of σ ¼ 5.2 μg=cm2).
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energies increased by a factor of only 1.5. Moreover, the
shape of the carbon spectra deviates from monotonically
decaying, especially at around 70% of the maximum
energy. Similar observations have previously been asso-
ciated with RPA [11,12]. Further support for this inter-
pretation is that the energy per nucleon of carbon ions
increases more rapidly than the proton energy and even-
tually becomes comparable; i.e., the fastest ions travel with
similar velocities [3]. It is also noteworthy that the observed
maximum carbon energy ∼20 MeV=u is, to the best of our
knowledge, the highest value for carbon ions demonstrated
from a Gemini-class laser system to date.
For the above discussion, it is important to note that

although carbon ions were observed when irradiating
freestanding CNF targets, their energy and number were
insignificant. In the detectable spectral range of
2–50 MeV=u, no proton trace was observed, and only
carbon ions with lower maximum energy of about
3.5 MeV=u with ∼103 lower yield were observed, sug-
gesting that the role of the CNF is, indeed, mainly to provide
a medium for modifying the laser pulse to the desired shape.
By contrast, linearly polarized (LP) laser pulses result in
invariably monotonically decaying spectra, both for protons
and carbon ions. One example is shown in Fig. 3(b), where
the difference in the spectrum of C6þ ions with different
polarizations is clearly visible. Again, the energies increased
with increasing CNF thickness. Here, proton energies were
enhanced more strongly from 12 to 29 MeV by a factor of
2.4, while C6þ energies by a smaller factor of 1.7.
To validate our hypothesis further, we performed

detailed 3D PIC simulations. Because of the multiscale

nature of the problem, i.e., micrometer-long plasma with
low density and a nanometer-thin, high-density foil, we
needed to simplify the problem by dividing the simulation
into two steps. First, the propagation of the Gemini-laser
pulse through a NCD plasma with electron density of 2nc
(resembling the CNF plasma) was simulated, and the
complete resulting electromagnetic field was extracted at
different depths within the NCD plasma. This field was
then fed into a second simulation with a single DLC foil. A
high-density plasma slab (60 nm, 100nc, C∶H ¼ 9∶1 in
number density, initial temperature of 1 keV) was used to
represent a DLC foil with the reduced density allowing for
any initial decompression during the early stages of the
interaction and also reducing the computational require-
ments. In the second series, the simulation box was
subdivided into a grid of 200 × 200 × 4000 cells to resolve
the DLC thickness.
The limitation of this approach is that fast electrons

produced within the NCD plasma do not contribute to the
ion acceleration at the DLC foil. Consequently, we may
underestimate the sheath fields at the rear, which would
preferentially accelerate the protons via the TNSA mecha-
nism. However, the good agreement of our current simu-
lations with the data described below suggests that the
approximation inherent in our numerical approach only has
a minor impact.
In agreement with the experimental results, we observe a

significant increase of the maximum C6þ ion energy with
increasing CNF thickness. The ratio of these energies to the
energy obtained for a plain DLC foil defines the enhance-
ment factor α and is plotted against CNF thickness in
Fig. 4(a). The general trend of both the experiment and
simulation results agrees very well and suggests that we
have not even explored the full capacity of the scheme in
the parameter range accessed in our experiment. Our
simulations predict a fourfold increase in energy obtainable

FIG. 2 (color online). On-axis intensity-envelope distribution
extracted from 3D PIC simulations at different times. The
circularly polarized ASTRA Gemini-laser pulse propagates
through a NCD plasma with electron density ne ¼ 2nc (yellow
area). The pulse rise time shortens to ∼4 fs. The peak intensity
multiplies by a factor of 10, mainly due to relativistic self-
focusing as shown in the 2D intensity map at t ¼ 125 fs (inset).
Placing a micron-scale layer of NCD in front of a DLC foil (inset)
allows the enhanced pulse to be exploited for laser ion
acceleration.

FIG. 3 (color). (a) Energy distributions of C6þ ions (solid
curves) and protons (dashed curves) registered from DLC foils
combined with CNF targets of varying thicknesses irradiated by
circularly polarized laser pulses. (b) C6þ ion spectrum under best
conditions for CP (red) and LP (blue).
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using a 2nc plasma with 9 μm length under our conditions.
At this point, the laser is predicted to have reached its
highest intensity via self-focusing. The self-focusing length
in the simulation agrees well with the simple estimate of
Eq. (1), f ¼ Fno:DL ≈ 8 μm. When performing the same
set of simulations with NCD plasma densities of 1nc and
3nc and otherwise identical parameters, ion acceleration is
optimized when the NCD thickness corresponds to the
respective self-focusing length [Fig. 4(b)]. This suggests
that the effect of the NCD plasma is robust to variation of
the exact density and that the observed carbon energy
increase is primarily due to the enhanced laser pulse
interacting with the DLC foil.
The strong enhancement of carbon ion energies for

circular polarization (as compared to linear polarization),
the significantly altered spectral shape, and the fact that
protons and carbon ions reach similar velocities provide
strong evidence that theRPAcontribution to the acceleration
process is becoming stronger with increasing CNF thick-
ness. The carbon spectra in Fig. 3(b) also show a significant
peak, which is not observed for linear polarization.
Numerical investigations [3] suggest that RPA is more

likely to dominate over TNSA in the limit of high
intensities for circularly polarized laser pulses at normal
incidence, as these should suppress the electron heating
required for TNSA. In tight focusing experiments with thin
foils, however, this advantage is generally not observed due
to strong radial intensity gradients which results in rapid
foil deformation and a comparable hot electron production
regardless of polarization state [13]. For a given laser
intensity and spot size, this deformation can be reduced by

using pulses with a steeper rising edge. In our situation, the
steepened pulse front significantly reduces the time avail-
able for deformation to take place. This results in slower
decompression of the foil and an increased RPA
contribution.
Indeed, the above interpretation is confirmed by the 3D

PIC simulation results. Figure 4(c) shows the 2D (Y-Z)
density map of C6þ ions extracted from simulations. The
carbon ions are accelerated in a manner typical of RPAwith
the modified pulse: the foil is accelerated as a whole and
remains highly overdense while its shape closely resembles
the transverse laser profile. The target remains highly
reflective with almost no transmitted laser energy, which
is well in line with the measured overall few-percentage
laser transmission. The resulting nonexponential distribu-
tion [Fig. 4(d), red solid line] agrees not only qualitatively
but also quantitatively with the measured spectrum (blue
dashed). In particular, the high-energy spectral peak can be
seen to be formed by the ions in the focal volume in a thin
layer in the rear side of the target (red dashed). This is
consistent with a previous theoretical investigation [14],
which shows that only a thin layer at the target rear in the
focal volume forms the monoenergetic feature during RPA.
By contrast, the C6þ ions spectra for a plain DLC foil with
the unmodified pulse results in quasiexponential spectra
consistent with TNSA dominating.
In conclusion, we have demonstrated the practical

feasibility of ultrathin CNF foams to realize relativistic
self-focusing and pulse front steepening at the same time.
This has allowed us to accelerate ions from nanometer-
thin DLC targets to substantially higher energies, about a
factor of 3, which would otherwise require much larger
lasers. We have observed preferential enhancement of the
carbon ion energies for circular polarization, consistent
with a stronger RPA contribution to the overall accel-
eration. The demonstration of controlled, micrometer-
length NCD plasmas will have significant impact on
related experiments with high-intensity laser pulses,
covering acceleration of dense electron bunches [15],
generation of large (electro)magnetic fields [16,17], and
the production of intense, high-energy radiation [18].
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FIG. 4 (color). 3D PIC simulation results. (a) The carbon
energy increases with NCD length. (b) Simulations with three
different electron densities evidence that self-focusing length
optimizes ion acceleration. (c) 2D density map of C6þ ions and
laser field distribution at t ¼ 100 fs for the 5 μm NCD case, best
performance in experiments. (d) C6þ ion energy spectra from
simulation of 5 μm NCDþ DLC (red) and from the plain DLC
foil (black) considering all the ions (solid) and ions originating
from the back facing 1=3 of the foil in the focal volume (dashed).
The measured spectrum (blue dashed) is shown for comparison.
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