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Abstract

The acceleration of ions from ultrathin deuterated plas-
tic foils is demonstrated by implementing two pulses with
intensities on the order of 10®W /em?, which could be
spatio-temporally separated by varying degrees. At the
optimal arrangement of the two pulses, maximum proton
and deuteron energies of 456MeV and 33MeV /u, respec-
tively, were accelerated from 85nm foils. This exceeded
what was achieved from a single pulse irradiating the
same target at ~5x102°W /cm?, despite the double pulse
setup sacrificing a ~60% average reduction in total laser
fluence on target.

1 Introduction

The field of laser driven ion acceleration has been an
active area of research for some time and of interest
for several multidisciplinary applications such as hadron
therapy [1-3], nuclear fusion [4], neutron production [5—
7], and particle radiography [8-10]. The most well-
established mechanism of target normal sheath accel-
eration (TNSA) [11] deals with the irradiation of pm-
thickness foils, and results in a broadband proton spec-
trum with a cutoff energy that scales with the peak laser
intensity according to F,,q. X Ié /2,

For many of the applications listed above, a high en-
ergy, quasi-monoenergetic spectrum of ions is desired.
This has lead, in recent years, to research investigat-
ing the acceleration of ions via the laser’s radiation
pressure (RPA) [12-15]. In the limit of ultrathin, nm-
scale foils, the entire target bulk is accelerated at once
by the laser pressure. This is known as the light sail
(LS) mode of RPA [15-21], and has several advantages
over TNSA, namely the monoenergetic acceleration, and
more favourable scaing with the laser intensity. The
ion’s maximum energy predicted according to LS theory
[17, 21] scales, in the non-relativistic limit, according to
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the relation:

Eio’n o (a/(Q)T) 2 , (1)
Am,,c? X

where A is the ion mass number, my,c? is the
proton’s rest mass-energy, and the terms ap =
0.85/IoA2(x10'8W /cm? - um?), 7 = ct,/A, and x =
pl/Ampn., are dimensionless parameters representing
the laser intensity, pulse duration, and target areal den-
sity, respectively. Within these parameters, the terms ¢,
represents the pulse duration, A\ the laser wavelength, p
the target density, [ the target thickness, and n, the criti-
cal density for the laser. It can be seen from Eq. (1) that
the ion maximum energy in this regime scales according
to the laser pulse fluence, rather than the intensity.

An important caveat that comes with LS acceleration
is that the target must remain opaque to the laser pulse
in order for momentum transfer by the radiation pressure
to occur. Therefore, the onset of relativistically induced
transparency (RIT) that occurs in such high intensity
interactions with ultrathin foils will effectively shut off
RPA. By splitting the single high intensity pulse into two
lower intensity pulses, one can achieve the same on target
fluence, but greatly reduce the risk of RIT. This article
reports on the first experimental demonstration of the
use of two pulses of equal intensity incident on ultrathin
foils to achieve a stable LS acceleration that accelerates
ions to energies that surpassed what could be done when
using a single, high intensity pulse incident on the same
target.

2 Setup

The experiment was carried out on the petawatt arm of
the VULCAN laser system, at the Central Laser Facil-
ity, UK. This delivers linearly polarised pulses of ~750fs
FWHM duration and an average energy of 210J on tar-
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Figure 1: Schematic of the experimental setup when in
the double pulse configuration. The delay stage and de-
focusing telescope in the secondary beamline are situ-
ated early in the laser chain, before the main amplifi-
cation stages and compressor. The different colours of
the beams are so they may be differentiated, and are not
representative of their wavelength.

get, after reflection off a plasma mirror for temporal
contrast enhancement. The laser was focused to a spot
~bum FWHM in diameter, resulting in an on target in-
tensity of (3 —5) x 102°°W/cm?. In double pulse (DP)
mode (see Fig. 1), the pulse is split early in the laser
chain into two semicircular beams of equal area, known
henceforth as the primary and secondary beams. The
secondary beam was sent through a delay stage, and
a defocusing telescope. The delay stage could be tai-
lored to vary the arrival of the secondary pulse, relative
to the primary, from Ops to 20ps. The telescope intro-
duced a small divergence into the beam, which meant
the position of the secondary beams focal spot could
be varied along the laser axis. The effect of the pulse
splitting meant that the total energy on target from the
two beams was on average 155J, ~25% lower on average
than what was reached when operating in single pulse
mode, and the final focusing of the two spots was sub-
optimal, with ovular spots with major and minor diam-
eters (FWHM) of (7-10)pm and (5-7)um, respectively.
These factors, and the more degraded spot from the sec-
ondary beam’s passage through the telescope, resulted in
on-target intensities of the primary and secondary beams
of (7—9) x 1012 and (5 —7) x 1019W /cm?, respectively.
The targets were aligned such that the laser was nor-
mally incident, and composed of deuterated plastic (CD)
foils 60-1000nm in thickness. To diagnose the ion energy
spectra, Thomson parabola spectrometers (TPS) were
intstalled with image plate detectors using a differential
filtering technique to distinguish the deuterons from the
overlapping C5% ions as described in Alejo et al. [22].

3 Results

A preliminary thickness scan of CD foils in single pulse
(SP) mode was performed, and the optimum thickness,

with highest ion energies, was found to be 143nm (see
Fig. 2(c)). The next available thickness down, 85nm,
was considered to be sub-optimal because the foil most
likely undergoes RIT earlier in the rising edge of the
pulse, leading to a less efficient LS stage. For this reason,
85nm was chosen as the thickness with which to perform
the DP delay scan. The relative delay, AT, between the
arrival of the primary and secondary pulses was varied
from 0 to 20ps, and a peak in the ion maximum energy
and central energy of the spectral bunch was observed
for AT=2-6ps, seen in Figs. 2(a) and 2(b). A spectrum
gained from irradiating 85nm with the primary pulse
only is also shown in the figure, which exhibits energies
of 15MeV protons and 6MeV /u deuterons. Preliminary
particle-in-cell simulations indicate that this peak in en-
ergies at these time delays arises because the plasma,
after the primary’s irradiation, has expanded, reducing
it’s areal density. The areal density falls to a point where
the light sail parameter, a37/x (see Eq. 1), is at some
optimal point - high enough to maximise the ion ener-
gies via LS, but not such a low density that RIT halts
LS prematurely. For longer time delays, the ion energy
decreases, as the now expanding plasma’s density has
decreased past the optimal, meaning the plasma will un-
dergo RIT earlier in the secondary pulse’s rising edge.
The longer the plasma is allowed to expand, the earlier
RIT will occur.
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Figure 2: (a) Proton, and (b) deuteron central bunch
energies along target normal direction vs time delay be-
tween the two beams in the double pulse setup. Also
shown in purple is the highest energy reached when
the secondary beam is focused 10pum further along the
laser axis. The bars on each data point represent bunch
widths of individual shots. The maximum limit of the
bars correspond to the spectrum cutoff energies. (c) Pro-
ton and (d) deuteron TPS spectra, for selected SP and
DP shots from the campaign, taken along the laser axis.

The relative focusing depth between the secondary
pulse and the primary, Az, was also varied, for delays of
4ps, i.e. around the optimal time delay for the DP setup.
The highest proton and deuteron energies of 45MeV



and 33MeV /u, respectively, was found for a setup with
AT=4ps and Az=10pm (the purple data point in shown
in Figs. 2(a) and 2(b)). This matches what was achieved
on SP at the optimal thickness of 143nm (see Figs. 2(c)
and 2(d)), while sacrificing 25% of the total energy, and
focused to degraded focal spots, which further lowered
the total fluence significantly. This implies that the DP
setup achieved similar ion energies while operating at
an energy deficit of 40%. Taking the degraded DP fo-
cal spots to each have the average major and minor
FWHM diameters of (8 & 1)pum and (6 & 1)um, respec-
tively, and the SP shot has the minimum spot diameter
of (5 + 0.5)um, this leads to an average fluence deficit
across all shots of Fpp/Fsp = 0.38 £ 0.12, equivalent
to (62 £ 12)% lower fluence when operating in the DP
setup. Preliminary particle-in-cell simulations have been
performed, showing a peak in ion energies at an optimal
time delay. This arises due to the reduction of the tar-
get density to some optimal level for the secondary pulses
radiation pressure to become significant.

4 Conclusion

In conclusion, we have demonstrated an enhancement in
the light sail acceleration of ions by utilising a double
pulse arrangement. Despite sacrificing 62% of the av-
erage total laser fluence on average, ion bunches were
produced at energies and fluxes comparable to what was
achieved with single pulses.
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