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ABSTRACT

We present here experimental results on the optimization of the mega-electronvolt ion source from the target front surface by using relativistic
(1018 W/cm2) interactions with ultra-short laser pulses (50 fs). The source perturbation in the accelerated proton/ion beam was primarily
controlled by the addition of a pre-pulse to main pulse contrast ratio. The 2D particle-in-cell simulations agreed well with the observed
experimental results for the ion source perturbation and mitigation. This work provides insights into ion source perturbations (temporal and
spatial) and the need to control them in intense laser–plasma interactions. Our results may assist in the efficient guiding of proton/ion beams to
the core of fusion fuel or of ions in cancer therapy.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunderaCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/5.0004801

I. INTRODUCTION

The acceleration of high-energy ion beams (up to several tens of
mega-electronvolts per nucleon) following the interaction of ultra-
short (t < 1 ps) and intense (Iλ2 > 1018W cm−2) laser pulses with solid
targets has been an active research area in the last few years.
Mechanisms leading to forward-accelerated high-quality ion beams,
operating at the currently accessible intensities in laser–matter in-
teractions, are mainly associated with the large electric fields created
by laser-accelerated electrons at the target interface. The emitted ion
pulses contain many particles (up to 1013) with energies in excess of
several mega-electronvolts,1 have about picosecond pulse duration,2

and a source size of tens to hundreds of micrometers. In addition,
conversion efficiencies (of laser energy to proton energy) of up to 7%
have been reported.3

The above outstanding characteristics of laser-accelerated ion
beams have triggered discussions about their application as an ion
source injected into conventional particle accelerators.4 At current
intensity regimes, the charge separation fields created during this
interaction with thin foils offer a far larger acceleration gradient
(1012 V/m) than those achieved in conventional radio-frequency ac-
celerator cavities (108 V/m). In fundamental research, laser-accelerated

protons are successfully used for diagnosing fast-changing electro-
magnetic fields in laser-produced plasmas, with picosecond reso-
lution.5–7 Another application proposed for laser-driven proton or ion
beams is in radiation therapy.3 Thiswould provide possibilities of better
dose conformity to the treatment target compared to the commonly
usedphotonor electron beams. Protonbeamshave a low entrance dose,
rapid falloff at the edge of the dose distribution, and the maximum rate
of energy loss at the end of the range, which is referred to as the Bragg
peak effect.8,9

The unique properties of protons from high-intensity laser–
matter interactions, particularly in terms of spatial quality and
temporal duration, have opened up the totally new applications of
proton probing and proton radiography.10–14 These applications
exploit the ultra-low emittance and high degree of laminarity of the
source to achieve high spatial resolution when probing samples in a
point projection backlighting scheme. It would also be useful to
produce proton/ion beams with a limited energy spread, in contrast
to the broad spectrum beams typically achieved in recent
experiments.15–17 In particular, high-quality beams with a small
energy spread are required when spatially accurate energy deposition
in a cancerous tissue is important.9 Fast changes in the acceleration
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sheath limit the use of proton beams in probing to the study of the
ultra-fast dynamics at picosecond time scales. In this case, the velocity
of the protons is a function of time from the point source, as a result of
which the beam leaves the acceleration sheath with a velocity chirp.
Such a velocity chirp is an important characteristic, as it sheds light on
the temporal development of the acceleration. This velocity chirp of
the accelerated protons was mentioned in the theoretical investiga-
tions by Cowan et al.18

Recent experiments19 have reported a deviation in the proton
emission characteristics at the highest energy from the target normal
direction. This non-target normal emission of protons at higher
energies has been ascribed to a fast-directed intra-pulse acceleration
mechanism. There are very limited experimental details20 describing
this behavior of charged particles. Information about the proton
spectrum could directly correlate with the information about the hot
electron sheath evolving at an ultra-fast timescale. Experiments on
tiny laser-irradiatedwater droplets, as used in Refs. 17, 21,22, gave, for
all the ions, perfect parabolic traces on a Thomson parabola ion
spectrograph (TPIS). This indicates that the geometry of the
deflecting B and E fields of the spectrograph produces no artifacts in
the ion trajectories. Further confirmation of this came from foil target
experiments that had a 5° deviation of the proton-beam imprint
recorded at high energies using a complementary detector for the ions
i.e., radiochromic films.17 This further confirms that the wiggling is
mainly due to the fast changes in the accelerating sheath. To explain
the ion acceleration andwiggling in solid CH foil targets, Tikhonchuk
et al.23 developed a two-species plasmamodel with a single isothermal
electron population. The results pointed to the possibility of spectral
control with the appropriate target conditions. In this paper, we
report on the observation ofwiggling in an accelerated proton beamas
it traverses through a dense plasma sheath.

II. EXPERIMENTAL DETAILS

The experiments were carried out using a 10-TW Ti:sapphire
laser system at the Raja Ramanna Centre for Advanced Technology,
Indore, which delivered 50-fs (FWHM) 420-mJ pulses at a 10-Hz
repetition rate at a central wavelength of 800 nm. The p-polarized
laser beam was focused to a focal spot 10 μm in diameter (FWHM)
by a gold-coated f/7.5 off-axis parabolicmirror to give a peak intensity
of the order of ∼2 3 1018 W/cm2. A schematic diagram of the ex-
perimental setup is shown in Fig. 1.

The angle of incidence of the laser on the target was set to 45° to
allow efficient absorption of the laser pulse.3 The laser pre-pulse was
monitored for each laser shot using a fast photodiode connected to a
1-GHz oscilloscope. The laser pulse had an amplified spontaneous
emission (ASE) pedestal for about 2 ns before the main pulse. The
intensity contrast ratio between the main pulse and the pedestal was
about 106. Plastic/Mylar targets of 1 mm thickness were used in the
experiment. A Thomson parabola ion spectrograph (TPIS) with an
acceptance angle of 20° and a lead pinhole of diameter 200 μm was
used to diagnose the ion beam along the normal of the target front
surface. The field plates in the TPIS were 18 mm apart and 80 mm in
length. Amagnetic field of 0.85 kG and an electric field of 1.5 kVwere
applied between them. The ions were deflected by the parallel electric
and magnetic fields according to their velocity and charge-to-mass
ratio. The dispersed ion beam was detected by a micro-channel plate
detector coupled to a 16-bit CCD camera (Andor, EMCCD).

III. RESULTS AND DISCUSSION

Now we discuss the possibility of controlling the pointing of
accelerated ion beams by adding a pre-pulse to the main pulse
of the laser. The wiggling of the proton traces was studied
in detail by varying the pre-pulse conditions, for Perspex [poly-
(methylmethacrylate) or PMMA], Mylar (CHn), and deuterated
polyethylene (CD2) targets, which are observed by the TPIS detector.
Figure 2(a) shows wiggled proton traces observed using the TPIS for
plain Perspex, Mylar, and CD2 targets at the best focus of the laser
beam. Figure 2(b) shows the same but with a pre-pulse added to the
main laser pulse. Significant wiggling of the high-energy proton
spectrum was recorded by the micro-channel plate, especially for the
heavier carbon ions [Fig. 2(a)].

When the ASE pre-pulse was extended by changing the switch-
out time of the pulse selector in the laser, the wiggling features in the
spectral trace were considerably reduced, with no reduction in the
maximum ion energy [Fig. 2(b)]. With the Mylar target, there was
significant wiggling for heavier ions like carbon but not for protons.
Robinson et al.24 proposed a scheme to obtain spectral control of
laser-accelerated protons using two intense collinear laser pulses. The
first pulse (pre-pulse), lower in intensity by a factor of 10 than the
second pulse, interacts with the target to create a channel of hot
electrons, which results in an azimuthal magnetic field. The second
laser pulse (the main pulse) creates hot electrons, which are guided
through the channels already produced by the pre-pulse, thereby
effectively decreasing the source instabilities in the proton beam.
However, in our experiments, since the pre-pulse is very long, we did
not observe a channeling effect.

The wiggling of the traces in our case could be attributed to the
presence of multiple sources, which create perturbations in the ac-
celerating sheath (in the absence of a pre-pulse). The pre-pulse wipes
out the source multiplicity occurring at ps time scales. Thus, one can
control the ion source perturbations in a laser plasma andmitigate the
effects by varying the extent of the laser pulse. In other words, by using
an extended pre-pulse, one can eliminate wiggling from the proton

FIG. 1. Experimental setup. The laser (λ � 800 nm) was focused by an off-axis
parabola (f/7.5) at an angle of 45° to the target. It produced up to 400 mJ in 45 fs with
peak intensities ∼2 3 1018 W cm−2.
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spectral trace. However, the wiggling of the heavier ion beams in our
experiment could not be controlled very effectively using this tech-
nique, due to their slow response to the sheath field. Note that we used
the same experimental and diagnostic conditions for experiments
bothwith andwithout the laser pre-pulse, and our results confirm that
there were no experimental artifacts due to the detector.

As reported in the literature,5 target normal sheath acceleration
protons have a typical divergence of 10°–20° with small emittance,
and a source size ranging from 300 μm to 500 μm. The ion emission in
the present experiment was observed from an extended area of the
target of around ±200 μm relative to the target center. If the protons
within the observed energy range are all emitted from the same source

FIG. 2. Proton beam traces from the front surfaces of Perspex (top), Mylar (center), and CD2 (bottom) targets. The images show the wiggling of the beamwith the target at the best
focus, (a) without a pre-pulse and (b) with a pre-pulse.

FIG. 3. (a) Laser pre-pulse contrast at various Pockels cell settings. (b) A typical proton (H+) energy spectra recorded for a pre-pulse on a Perspex target showing the 1-MeV cutoff.
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point, the projection of their spectrum should result in a smooth
spectral trace, as observed in Fig. 2(b). Also, Fig. 2(b) shows that the
heavy-ion beams do not overlap [unlike in Fig. 2(a)], which indicates
that the source is highly laminar in nature when a pre-plasma is used.
It also indicates that the high-energy ions are emitted from a smaller
target region with lower divergence, and the low-energy ions have a
larger (around a few mm) source size. The ASE pre-pulse level of the
laser wasmonitored using a fast photodiode and a fast oscilloscope for
each laser exposure. Figure 3(a) shows the level of ASE for the pre-
pulse with the laser at different settings. In the normal configuration,
the ASE pre-pulse tomain pulse contrast ratio of 10−6 wasmaintained
in the laser (D8-4200). To ensure that the wiggling features are not
due to the pinhole aperture in front of the TPIS, we studied the
interaction with two different pinhole diameters (200 μm and
300 μm).

The laser intensity and energy determine the pulse of the hot
electrons circulating through the target and the building up of the
acceleration sheath at the front of the target. As described previously,
ions are accelerated by the electron sheath at the front. The spatial and
angular characteristics are determined by the electron density dis-
tribution within the sheath. At higher energies, the proton beam has
an angular distribution with a sharp boundary. The electron sheath
follows a generic bell-shaped spatial distribution. The high-energy
protons are accelerated from the tip of the sheath with a very small
divergence angle. The acceleration of low-energy protons occurs from
larger regions, including the wings of the sheath, and hence, a large
divergence is observed. The virtual source position in front of the
target changes for different proton energies, which implies that
protons with different energies are emitted with an accelerating
sheath field with a different curvature. In Ref. 20, this observation of
wiggling from the rear of the target is explained using an imaging
mode configuration (15:1). In our setup, we clearly observe this
distinction from the front of the target without using any
magnification.

IV. SIMULATIONS

Two-dimensional particle-in-cell (PIC) simulations were per-
formed using the PIC code Osiris.25 In these simulations, a powerful
laser beam interacts with a CH foil, with a thickness of 10 μm and a
radius of 30 μm. Two scenarios were considered: (1) a hard-edge (no
pre-pulse) where the density profile along the target normal direction
is simply a rectangle and (2) a gradient profile (with a pre-pulse) where
the density profile has a linear gradient facing the laser beam. The
motivation for these scenarios was as follows. In the experiment, the
targets used were similar from shot to shot, but in some shots, the main
laser pulse was preceded by a long pre-pulse (2 ns pedestal), while in
other shots, this pre-pulse was absent. Hydrodynamic modeling indi-
cates that the pre-pulsewill heat up the target and create a plasma plume
in front of the foil target, which expands thermally towards the laser
pulse and forms a long density gradient. To simulate the pre-pulse case,
we used an initial plasma density profile with a density gradient facing
the laser pulse, to mimic the configuration in the experiment. In other
simulations, we used an initial plasma density profile without a density
gradient and only a hard edge facing the laser pulse, to mimic the
configuration without a pre-pulse.

The numerical parameters were as follows. In the hard-edge
simulations, the simulation box measures 6672 3 1248 cells and is

323 32 μm2. In the gradient simulations, the simulation box measures
10 0003 1872 cells and is 483 48μm2. In all simulations, thenumber of
particles per cell was 20 for electrons, 8 for protons, and 12 for carbon.
The time step was 15.4 as, to satisfy Courant’s condition. In all simu-
lations, the laser pulse had a wavelength of 0.8 μm, an intensity of
23 1018W/cm2, a duration of 30 fs, and a focal spot diameter of 10 μm.
The laserpulsewas focusedonto the center of the front surface of the foil.
The direction of propagation was 45° with respect to the target normal.
To simplify the simulations, it was decided to make the laser propagate
in the x1 direction by rotating the target by 45°. In all simulations, the
targetwas 10 μmthick and 30μmwide. The peak target electron density
was 10 times the critical density for the laser beam, i.e., 1.13 1022 cm−3.
The target ion composition was H+ and C4+ in a ratio of 2:1. The target
ion density was such that the entire target was charge neutral.

For the hard-edge target, the density profiles in the target normal
and transverse directions were rectangular. The density profile for the
gradient target was much like that of the hard-edge target, but with a
density gradient at the front surface (facing the laser pulse).
Radiation-hydrodynamic simulations of the pre-pulse interaction
were performed using good approximations to the actual experi-
mental parameters. This resulted in significant hydrodynamic ex-
pansion. The resulting density profile was fitted so that it could be
mapped into a PIC code. The gradient extended for about 15 μmin the
target normal direction, and the electron density rose linearly from
0 cm−3 to 1.13 1022 cm−3, with matching ion densities. As discussed
above, this density gradient mimics the plasma expansion due to
preheating by the 2-ns pre-pulse.

The simulation results are shown in Fig. 4. For both simulations,
(p2, p1) plots were produced at intervals of 185 fs for the total sim-
ulation duration of 2.78 ps. For the gradient target (with a pre-pulse),
the results were significantly different. Most protons were emitted in
the direction of the target normal, with numbers falling off for oblique
angles. Protons emitted from the laser impact site appear to have the
highest energies. The most energetic protons were emitted from two
locations: the laser impact site and near the far edge of the target.
Within proton bunches, there are clear correlations between the
transverse position on the target from which they are emitted and
their energy. For the hard-edge target (no pre-pulse), the phase space
plots show that the protons were emitted from the target in all di-
rections frommultiple sources. The plots show that the protons have
structures such as bunches, swirls, etc. When a structured proton
beam enters the TPIS, onewould expect that not all the protonswould
be on the same Thomson parabola, since the transverse position and
angle at which they enter the TPIS varies with proton energy.

The classic Thomson parabola can be reproduced only if all
protons enter the TPIS at the same angle and transverse position. In
particular, the last few phase plots from the hard-edge target show a
proton bunch being emitted with a strong correlation between proton
speed and transverse position along the target. The difference in
results between the two targets can be explained as follows. For the
hard-edge target, the laser pulse cannot penetrate very far into the
target. The pulse mostly heats the target electrons, which then expand
and form a sheath. There is little interaction between the accelerated
protons and the laser pulse.

For the gradient target, however, the laser pulse can penetrate the
low-density plasma in front of the foil. A large fraction of the accelerated
protons originate from the low-density gradient in front of the target,
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rather than from the high-density interior part of the target. It is hy-
pothesized that this interaction between the main laser pulse and the
protons accelerated by the pre-pulse form a smooth sheath, and hence,
there is an unperturbed source accelerated by the Coulomb force.

To understand the pointing of the laser-accelerated proton
beams, it is very important to have a detailed understanding of the
temporal evolution of the acceleration process. Our study can be
further improved by using PIC simulations to understand the vari-
ation in the angular beam emittance and perturbation for the various
targets described in this paper.

V. CONCLUSION

In conclusion, we studied the ion emission from the front surface
of solid targets interacting with terawatt laser pulses. Our study in-
dicates that proton emission from the target front surface is not
uniform due to the perturbation in the source arising from intense
laser plasma interactions. The wiggling of the beams was further
characterized by using thick plastic targets. We found that the
maximum source perturbation of protons occurred for plastic targets.
We investigated a technique to control this by manipulating the laser

parameters, specifically, by adding a proper pre-pulse to the main
laser pulse. Two-dimensional PIC simulationswere performed for the
CH targets with and without pre-pulses. The simulations agree well
with the experimental results. The introduction of a long pre-pulse
smears out any perturbations of the ion source, resulting in a well-
defined steering of the ion beam. This study could improve our
understanding of ion acceleration and aid in using these directed
proton beams for fast ignition fusion by depositing the maximum
amount of energy in the core to produce viable fusion energy.
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