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Premature relativistic transparency of ultrathin, laser-irradiated targets is recognized as an obsta-
cle to achieving a stable Radiation Pressure Acceleration in the ‘Light Sail’ (LS) mode. Experimental
data, corroborated by 2D PIC simulations, show that a few-nm thick overcoat surface layer of high
7 material significantly improves ion bunching at high energies during the acceleration. This is
diagnosed by simultaneous ion and neutron spectroscopy following irradiation of deuterated plastic
targets. In particular, copious and directional neutron production (significantly larger than for other
in-target schemes) arises, under optimal parameters, as a signature of plasma layer integrity during

the acceleration.

The progress in laser technologies over the past couple
of decades has led to an increasing interest in laser-driven
ion acceleration and the related development of sec-
ondary sources, such as neutrons [1]. Although Target-
Normal Sheath Acceleration (TNSA) [1] has been the
most studied ion acceleration mechanism, significant at-
tention is given to other promising mechanisms, such as
Radiation Pressure Acceleration (RPA) [2-9], which, in
principle, has the potential to be extremely efficient with
laser intensities beyond 102! W ¢cm™2. Of particular in-
terest is the Light Sail (LS) regime of RPA, in which the
laser propels forward the irradiated portion of an ultra-
thin target, leading to efficient acceleration of ions in a
narrow spectral bandwidth and divergence cone. Experi-
mental data [7] and particle-in-cell (PIC) simulations [2—
5] indicate a fast ion energy scaling (Ejon o [ad7,/ X]Q,
where a7, and x represent incident laser fluence on
the target and target areal density, respectively) in this
regime, which extrapolates to ion energies beyond 100s
of MeV /nucleon for upcoming laser facilities [10].

A key requirement for efficient LS acceleration is to
maintain the integrity of the ultra-thin target over the
duration of the laser pulse. Circular polarisation for
ultra-short (10s of fs) laser pulses has been shown to be
effective in achieving high ion energies in narrow energy
bunches [9], with heavier species supporting the stable
acceleration of lighter ions [11]. For longer pulses (in
the ps regime), no such significant dependence on po-
larization has been reported in experiments, which have
highlighted instead a hybrid TNSA-RPA regime [7], with

an enhancement in proton energy associated to the onset
of relativistically induced transparency (RIT) near the
peak of the pulse [12].

In this paper, a possible route to avoid premature ter-
mination of LS acceleration from ultra-thin foils is inves-
tigated experimentally by simultaneous ion and neutron
spectroscopy while using foils of deuterated plastic (CD).
While CD targets below 300 nm thickness showed a clear
signature of the onset of RIT, for the semi-transparent
100 nm thick targets bunched deuterium acceleration was
reinforced by adding the high-Z surface layer, a con-
cept which was recently studied using PIC simulations
by Shen et al. [13]. Stabilisation of the LS acceleration is
demonstrated not only by the narrow-band ion spectra,
but also by an abrupt (order of magnitude) increase in
fast neutrons from the deuterium plasma layer. Highly
beamed fast neutrons at fluxes (exceeding 10 n/sr above
2.5 MeV) competitive with other approaches [14-19] were
produced from the ultra-thin (100s of nm) CD foils at
optimum conditions. The neutron flux recorded exceeds
by more than an order of magnitude the isotropic flux
measured from thicker CD targets under similar inter-
action conditions. Particle-in-cell simulations studying
ion acceleration and fast neutron generation endorsed the
enhanced ion bunch formation in presence of a sacrificial
high-Z species, which maintains the ion layer opaque dur-
ing the pulse by continuously replenishing it with copious
amount of electrons via successive ionisation as the laser
intensity ramps up.

The experiment was carried out at the Rutherford
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FIG. 1. (a) Schematic of the experimental setup.

(b) On-axis deuteron spectra obtained from a target thickness scan

(shots taken with different target thickness, as labelled in the legend) under similar laser conditions (Er = (160 + 20) J,

Ip = (2.1 £0.3) x 10*® W cm™2.

(c) Proton and deuteron energies at their spectral peaks obtained for different target

thicknesses, plotted against the LS scaling parameter, IT = a37,/x. The error bars along the y (energy) axis depict the extent
of the spectral bunch. The solid line represents the predicted ion energy by the LS-scaling reported in [7].

Appleton Laboratory (RAL), STFC, UK by employing
the petawatt arm of the VULCAN laser of wavelength
Ao = 1053 nm, pulse duration of 850 4+ 150 fs and a repe-
tition rate of 30 minutes [20]. A schematic of the experi-
mental setup is shown in Fig. 1(a). After being reflected
off a plasma mirror, the P-polarised laser pulse was fo-
cussed down by a f/3 parabola to a ~ 5um spot onto
the target at normal incidence. The range of laser en-
ergy (Fr) delivered on target for the data shown in this
paper was 100 — 250 J, corresponding to peak intensity
on target (Iy) in the range (1 —3) x 102° W cm™2. The
targets were made of deuterated plastic ((C2Dy)p, re-
ferred here as CD) with thickness | = 90 — 900 nm and
10pm. The ions accelerated from the targets were di-
agnosed using Thomson Parabola Spectrometers (TPS).
The image plate detector of the TPS was differentially
filtered [21] to discriminate deuterium ions across the
entire energy range from species with similar charge-to-
mass ratios, such as C%t or O%F. Neutrons generated
from the laser-irradiated target were diagnosed, along
the laser axis and at ~ 135deg off the laser axis, by
using fast plastic scintillator (EJ232Q) detectors in time-
of-flight (nToF) configuration. The on- and off-axis nToF
detectors were placed at the farthest possible distances
(10.9m and 2.2 m, respectively) from the target, allowed
by the target area constraints. Where the energy of the
neutrons was obtained from their time-of-flight, the neu-
tron flux was obtained by cross-calibrating the detectors
with absolutely calibrated Bubble Detector Spectrome-
ters (BDS), as discussed in Ref. [22].

As expected from the TNSA mechanism, quasi-
exponential deuteron spectra with a nominal ~
5MeV /nucleon cut-off energy were obtained from the
irradiation of thick (10pm) CD targets, as shown in
Fig. 1(b). As the target thickness was gradually re-
duced down to a few hundreds of nanometres, narrow-

bandwidth spectral features, hereafter referred as ‘spec-
tral humps’, started to appear close to the spectral cut-off
alongwith a significant increase in the cut-off energy, as
it can be seen from the spectra shown in Fig. 1(b) for
400nm and 320 nm thick CD targets. Such spectral be-
haviour for heavy ions (for instance, carbon ions) from
ultra-thin targets has been previously reported [7, 9] at
the onset of RPA-LS dominance in a TNSA-RPA hybrid
regime. In this case, observing spectral modulations for
an ion species unique to the target bulk (i.e. deuterium)
corroborates further our understanding of the RPA-LS
mechanism in ultrathin targets.

In addition to the spectra shown in Fig. 1(b), fur-
ther ion spectra were obtained over a number of shots
by varying the target thickness in the range 900 nm to
90 nm. For target thickness down to 320 nm, the spectral
humps in proton and deuteron spectra were found to be
in good agreement with the RPA-LS scaling [7], as shown
in Fig. 1(c). The energies at the spectral humps for the
deuterons were slightly lower than those for the protons,
as expected in a multi-species scenario [7]. The expected
rate of increase in ion energy while reducing the target
thickness (Ejo, o< x~2), however, did not continue below
320 nm. As it can be seen in Fig. 1(b), 200 nm and 90 nm
targets showed significantly broad ended spectral humps,
and as shown in Fig. 1(c), at energies significantly below
those expected for a stable RPA-LS acceleration. Such
behaviour is an indication of targets undergoing RIT part
way through the laser pulse [7, 8]. In fact, significantly
high laser transmission through such low areal mass den-
sity targets has been recently reported [12] under very
similar interaction conditions. As discussed later, RIT
could be avoided by adding a few nm thick coating of a
high-Z material to the ultrathin targets, as observed for
the 90nm CD + Au target shown in Fig. 1(b).

Using targets of deuterated plastic allowed us to study
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FIG. 2. Neutron spectra measured simultaneously to the re-
sults in Fig. 1(b), along (a) the laser axis, and (b) 135 deg off
the laser axis respectively. The error bars, only plotted over
two representative cases in (a) for clarity, represent the un-
certainty in measuring neutron spectra by the ToF detectors
in the current setup.

neutron generation from the ultrathin foils, which in turn
provides information about the ion evolution during the
interaction. A comparison between the on- and off-axis
neutron spectra, obtained from the same set of shots plot-
ted in Fig. 1(b), is shown in Fig. 2(a) and Fig. 2(b), re-
spectively. As one can see, a fairly isotropic, low flux
((5.941.8) x 107 n/sr for energy above 2.5 MeV) neutron
emission was produced from 10 pm thick CD foils, sim-
ilar to that reported in Ref. [23]. The neutrons in this
case are most likely produced at the target front sur-
face, either from the thermonuclear reactions in the hot
dense plasma produced by the laser interaction, or by the
ions produced by the hole-boring mechanism driven into
the target bulk [23, 24]. Reducing target thickness, one
would expect either a minimal or an adverse effect on
the neutron yield as produced via these mechanisms. On
the contrary, sub-micron thick targets (for instance the
320 nm target shown in Fig. 1(b)) produced a dramatic
increase in the neutron flux ((1.3 £ 0.4) x 10° n/sr for
neutron energy above 2.5 MeV) in a beam that is highly
peaked (ratio between on- and off- axis fluxes ~ 11) along
the laser forward direction.

An abrupt increase in neutron flux, together with a
beamed feature is consistent for the case where a dense
plasma ‘sail’ is driven by the radiation pressure of the
laser for a sufficiently long duration, as can be seen in
Fig. 3. A pronounced spectral hump, as shown for the
320 nm target in Fig. 1(b) for instance, represents a dense
bunch of deuterium ions moving along the laser forward
direction with a narrow velocity spread, which was mod-
elled in 3D using the VSIM code [25, 26], enabling bi-
nary reactions between the deuterium macro-particles.
The simulation was setup with grid size of 0.1 pm in each
direction and a 10x10x0.2 pm? ‘sail’ of deuterium ions
loaded to the simulation with 50 macro-particles-per-cell

and with a given spectral distribution (spectral peaks
and FWHM bandwidths are mentioned in the respective
figures). While the d-d reactions inside the sail produce
neutrons isotropically in its centre-of-mass frame (as it
can be seen in Fig. 3(b) for a quasi-stationary bunch),
neutron emission from a moving sail will appear highly
anisotropic in the lab frame, depending on its centre-
of-mass (CoM) velocity, as it can be seen in Fig. 3(a)
and (b). While the forward-moving neutrons gain en-
ergy in the lab-frame, the neutrons emitted backwards
in the CoM frame are either moderated or forced to re-
verse their direction depending on the CoM velocity, ef-
fectively doubling the neutron flux in the forward direc-
tion. The maximum neutron energy (F,) along the ion
beam axis can be derived similarly to Ref. [23] consid-
ering energy-momentum conservation [27] and is given
by E, = (Eq/4)(vV2 + \/3Q/E4)?, in terms of the av-
erage kinetic energy of the deuterium ions (Fy) in the
sail and the Q-value of the reaction (Q). As shown in
Fig. 3(c), the energies of the neutrons and deuterons pro-
duced in each shot with sub-micron CD targets shown in
Fig. 1(c), shows a very good agreement with the tunabil-
ity expected from the reaction kinematics in a moving
sail, which is also reproduced by the VSIM simulations
carried out for deuterium sails of different energies, with
neutrons’ angular distribution as shown in Fig. 3(b). The
ability to tune the energy of fast neutrons provides an
unique perspective for pre-moderation down to sub-MeV
range for an efficient conversion to epithermal and ther-
mal energies [28, 29].

A unique insight into the LS phase of acceleration and
its connection to the onset of RIT is gained by consid-
ering together the neutron emission and the ion spectra
in the experimental data. For example, the neutron flux
for 90nm CD targets was an order of magnitude lower
compared to the case of 320nm CD targets, whereas
the former produced deuterium spectra with higher en-
ergy and comparable flux compared to the latter. Based
on the model simulations shown in Fig. 3(d), such sce-
nario can be explained on the basis of a significantly
broader spectral profile for deuterons obtained in the for-
mer case, suggesting 90 nm thick target undergoes RIT
during the laser interaction. For ultra-thin targets, RPA
has been shown to be very sensitive to target decom-
pression via electron heating as well as transverse insta-
bilities [9, 30]. Direct interaction of intense laser with
a semi-transparent plasma has been shown to lead to
some enhancement in ion energies [12], however with a
broad spectral profile unlike the one expected from LS
acceleration alone. Indeed, targets thinner than 320 nm,
as shown in the Fig. 1(c), have produced ion energies
significantly lower than expected from acceleration in a
LS-dominated regime.

As mentioned earlier, an effective way to overcome tar-
get transparency is by providing the target a surplus of
electrons, for instance by using a thin coating of high-Z
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FIG. 3. (a) 3D and 2D-projection plots showing neutron
(blue) production at different times (as labelled above) from
a dense ‘sail’ of deuterium ions (red) moving along the X-axis
with a spectral distribution peaked at 20 MeV and FWHM
width of 1 MeV, obtained from VSIM simulations. (b) Angu-
lar distribution of neutrons produced from sails of deuterium
ions of narrow spectral distribution of 1 MeV FWHM, peaked
at different energies as shown in the figure. The color bar rep-
resent neutron flux normalised for each case. (c¢) Deuteron vs.
neutron energies obtained in different shots shown in Fig 1(c),
compared with the energies expected from reaction kinematic
(analytical) and VSIM simulations for sails of dense bunch
of deuterium ions. (d) Peak neutron flux along the X-axis
(emitted within a small cone of 5 degrees) from sails of deu-
terium ions of spectral distribution peaked at 20 MeV and
varying the spectral width (AEjog).

material on the target [13]. Although the overall tar-
get areal density is doubled by adding a thin Au layer of
5nm, the ‘90nm CD+Aw’ target produced deuteron spec-
tra with a pronounced spectral hump at higher energy (as
shown in Fig. 1(b)), agreeing well with the RPA-LS scal-
ing shown in Fig. 1(c). Furthermore, the on-axis neutron
flux from the 90nm CD+Au target ((1.14:0.4) x 10° n/sr)
for neutron energy above 2.5MeV) was an order of mag-
nitude higher than the 90 nm CD target, even though the
deuteron flux and cut-off energies from both targets were
similar. Therefore, it is the narrow-band spectral bunch
that led to the abrupt increase in neutron yield in case
of the 90nm CD+Au, as supported by the VSIM simu-
lations shown in Fig. 3(d). This indicates that the loss
of efficiency of RPA-LS as acceleration mechanism below
320nm is being remedied by adding a sacrificial high-Z
layer.

2D PIC simulations were performed using the EPOCH
code [31] in order to corroborate further the experimental
results obtained for the three cases - 320nm CD, 90nm
CD and 90nm CD+Au. Due to the computational limita-
tion for ps-scale simulations, the setup parameters were
scaled down while maintaining Io/pc and a3r,/x con-
stant, as carried out in Ref. [7]. The laser pulse was
modelled as p-polarised, A=1.053 pm, 300 fs FWHM du-

ration, Gaussian spot of 5 um radius with peak intensity
Ip = 3.0 x 10" W cm ™2 The CD target (99% CD, 1%
CH) was modelled with density pcp =0.21gcm™>. The
scaled down thicknesses for the 90 nm and 320 nm targets
in the experiment were calculated as 36 nm and 128 nm,
respectively. The 5nm thick Au layer was modelled as
a 2nm Au layer of density pa,=4.13gcm™3 at the rear
side of the CD target. All the species were initialised
as neutral atoms, with ionisation state dynamically cal-
culated considering their atomic potentials [32]. Finally,
3nm thick CH layers were added on both sides of the
target to simulate contaminant layers.

As shown in Fig. 4(a,1), the 320 nm CD target remains
reflective at the peak of the laser pulse, allowing for an
effective LS acceleration. Looking at the off laser axis in
Fig. 4(a,3), as marked by the black markers, one can see
a clear detachment of the dense deuterium sail from the
bulk plasma, suggesting an efficient LS-RPA mechanism
at work. On the other hand, the 90nm CD target be-
comes fully transparent (see Fig. 4(b,1)), before the laser
intensity on the target reaches its peak value producing
a quasi-uniform ion distribution with a marginal den-
sity pile-up at the leading edge (as shown inFig. 4(b,4)),
typical of a blow-out interaction regime. For the 90nm
CD+Au case, the presence of the high-Z layer maintained
the target opacity during the laser pulse. While a linearly
polarised laser pulse cause strong electron heating, lead-
ing rapidly to a transparency regime (as in case of 90 nm
CD - Fig. 4(b)), the simulation shows that the Au ions
replenish electrons to the interaction region in a highly
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FIG. 4. Laser electric field (*,1), proton (n,) and deuterium
ion (ng) number density as the peak intensity reaches the
target (*,2) and at the end of the simulation (~ 200fs after
the peak intensity) (*,3), obtained by PIC simulations, for
three different thickness of the target: 320nm (a,*), 90nm
(b,*) and 90nm CD+Au (c,*). Colorbars for proton and
deuteron densities are common to (*,2) and (*,3).



self-organised fashion due to the dynamic ionisation. As
shown in Fig. 4(c,3), the deuterium ions remain highly
bunched until relatively long after the laser pulse, which
is a clear indication of achieving a stable RPA-LS accel-
eration. Such a dense and lasting bunch of ions is the
source of increased neutron flux observed in the experi-
ment.

Simultaneous ion and neutron spectroscopy offered a
unique way of gaining insight into the laser-target inter-
action dynamics, which is extremely difficult otherwise to
measure by conventional diagnostics. The scheme of us-
ing high-Z flash coating allowed to extend LS to thinner
targets (and higher bunched energies), which was experi-
mentally demonstrated in this paper. Highly beamed fast
neutrons exceeding 10°n/sr above 2.5MeV were mea-
sured from the ultra-thin (100s of nm) CD foils with-
out using secondary converters, which in turn shows a
novel route to an intense and tunable neutron source
competitive with other approaches [14-19], with an in-
trinsic ultra-short (10s of ps) burst duration. Since the
neutron yield depends directly on the square of ion den-
sity and fusion burn time, there is significant scope for
optimising the brightness of the LS-driven neutron source
by tuning laser and target parameters. Furthermore, the
LS-driven neutron source also provides the unique per-
spective of pre-moderating neutrons down to the sub-
MeV range for an efficient conversion to epithermal and
thermal sources.
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