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Premature relativistic transparency of ultrathin, laser-irradiated targets is recognized as an obstacle 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 Z 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.

DOI: 10.1103/PhysRevLett.129.114801

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 secondary
sources, such as neutrons [1]. Although target-normal
sheath acceleration (TNSA) [1] has been the most studied
ion acceleration mechanism, significant attention 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 1021 Wcm−2. Of particular interest is the light
sail (LS) regime of RPA, in which the laser propels forward
the irradiated portion of an ultrathin target, leading to
efficient acceleration of ions in a narrow spectral bandwidth
and divergence cone. Experimental data [7] and particle-
in-cell (PIC) simulations [2–5] indicate a fast ion energy
scaling (Eion ∝ ½a20τp=χ�2, where a20τp and χ represent
incident laser fluence on the target and target areal density,
respectively) in this regime, which extrapolates to ion
energies beyond 100 s of MeV=nucleon for upcoming laser
facilities [10].
A key requirement for efficient LS acceleration is to

maintain the integrity of the ultrathin target over the duration
of the laser pulse. Circular polarization for ultrashort (10 s 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 polarization has been
reported in experiments, which have highlighted instead
a hybrid TNSA-RPA regime [7], with an enhancement
in proton energy associated with the onset of relativis-
tically induced transparency (RIT) near the peak of the
pulse [12].
In this Letter, a possible route to avoid premature

termination of LS acceleration from ultrathin foils is
investigated experimentally by simultaneous ion and neu-
tron 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 semitransparent
100 nm thick targets bunched deuterium acceleration was
reinforced by adding a high-Z rear-surface layer, a concept
which was recently studied using PIC simulations by Shen
et al. [13]. Stabilization of LS acceleration is demonstrated
not only by narrow-band ion spectra, but also by an abrupt
(order of magnitude) increase in fast neutrons from the
deuterium plasma. Highly beamed fast neutrons at fluxes
(exceeding 109 n=sr above 2.5 MeV) competitive with
other approaches [14–19] were produced from the ultra-
thin (100 s of nm) CD foils at optimum conditions. The
recorded neutron flux exceeds by more than an order of
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magnitude the isotropic flux measured from thicker CD
targets under similar interaction conditions. Particle-in-cell
simulations studying ion acceleration and fast neutron
generation endorsed the enhanced ion bunch formation
in the presence of a sacrificial high-Z species, which
maintains the ion layer opaque during the pulse by
continuously replenishing it with copious amounts of
electrons via successive ionization as the laser intensity
ramps up.
The experiment was carried out at the Rutherford

Appleton Laboratory (RAL), STFC, UK by employing
the petawatt arm of the VULCAN laser of wavelength
λ0 ¼ 1053 nm, pulse duration of 850� 150 fs and a
repetition rate of 30 min [20]. A schematic of the
experimental setup is shown in Fig. 1(a). After being
reflected off a plasma mirror, the P-polarized laser pulse
was focused down by a f=3 parabola to a ∼5 μm spot onto
the target at normal incidence. The range of laser energies
(EL) delivered on target for the data shown in this Letter
was 100–250 J, corresponding to peak intensities on target
(I0) in the range ð1 − 3Þ × 1020 Wcm−2. The targets were
made of deuterated plastic [ðC2D4Þn, referred here as CD]
with thickness l ¼ 90–900 nm and 10 μm. The ions
accelerated from the targets were diagnosed using a
Thomson Parabola spectrometer (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
C6þ or O8þ. Neutrons generated from the laser-irradiated
target were diagnosed, along the laser axis and at ∼135° off
the laser axis, by using fast plastic scintillator (EJ232Q)
detectors in a time-of-flight (nTOF) configuration. The on-
and off-axis nTOF detectors were placed at the farthest
possible distances (10.9 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 neutron flux was obtained by cross calibrating
the detectors with absolutely calibrated bubble detector
spectrometers (BDS), as discussed in Ref. [22].
As expected from the TNSA mechanism, quasi-

exponential deuteron spectra with a nominal ∼5 MeV=
nucleon cut-off energy were obtained from the irradiation
of thick (10 μm) CD targets, as shown in Fig. 1(b). As the
target thickness was gradually reduced to a few hundreds of
nanometers, narrow-bandwidth spectral features, hereafter
referred as “spectral humps,” started to appear close to the
spectral cutoff along with a significant increase in the cutoff
energy, as it can be seen from the spectra shown in Fig. 1(b)
for 400 and 320 nm thick CD targets. Such spectral
behavior for heavy ions (for instance, carbon ions) from
ultrathin 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), further ion

spectra were obtained over a number of shots by varying
the target thickness in the range 900 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
multispecies scenario [7]. The expected rate of increase in
ion energy while reducing the target thickness (Eion ∝ χ−2),
however, did not continue below 320 nm. As it can be seen
in Fig. 1(b), 200 and 90 nm targets showed significantly

(a)

(b)

(c)

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 labeled in the legend) under similar laser conditions (EL¼ð160�20Þ J, I0 ¼ ð2.1� 0.3Þ × 1020 Wcm−2).
(c) Proton and deuteron energies at their spectral peaks obtained for different target thicknesses, plotted against the LS scaling parameter,
a20τp=χ. The error bars along the y (energy) axis refer to the width of the spectral bunch. The solid line represents the predicted ion
energy according to the LS scaling reported in Ref. [7].
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broad ended spectral humps, and as shown in Fig. 1(c),
at energies significantly below those expected for a stable
RPA-LS acceleration. Such behavior is an indication of
targets undergoing RIT part way through the laser pulse
[7,8]. In fact, significant laser transmission through such
low areal mass density 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 90 nm CDþ Au target shown in Fig. 1(b).
Using targets of deuterated plastic allowed us to study

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 plotted
in Fig. 1(b), is shown in Figs. 2(a) and 2(b), respectively.
As one can see, a fairly isotropic, low flux [ð5.9� 1.8Þ×
107 n=sr for energy above 2.5 MeV] neutron emission was
produced from 10 μm thick CD foils, similar to that
reported in Ref. [23]. The neutrons in this case are most
likely produced at the target front surface, 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 and driven into the target bulk
[23,24]. Reducing the target thickness, one would expect
either a minimal or an adverse effect on the neutron yield as
produced via these mechanisms. On the contrary, submi-
cron thick targets [for instance, the 320 nm target shown
in Fig. 1(b)] produced a dramatic increase in the neutron
flux [ð1.3� 0.4Þ × 109 n=sr for neutron energy above
2.5 MeV] in a beam that is highly peaked along the laser
forward direction, with a ratio ∼11 between on- and off-
axis fluxes.

An abrupt increase in neutron flux, together with a
beamed feature is consistent with a 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 modeled in three
dimensions using the VSIM code [25,26], enabling binary
reactions between the deuterium macroparticles. The sim-
ulation was set up with grid size of 0.1 μm in each direction
and a 10 × 10 × 0.2 μm3 “sail” of deuterium ions contain-
ing 50 macroparticles per cell and with a given spectral
distribution (spectral peaks and FWHM bandwidths are
mentioned in the respective figures). While the d-d reac-
tions inside the sail produce neutrons isotropically in its
center-of-mass frame [as can be seen in Fig. 3(b) for a
quasistationary bunch], neutron emission from a moving
sail will appear highly anisotropic in the lab frame,
depending on its center of mass (c.m.) velocity, as it can
be seen in Figs. 3(a) and 3(b). While the forward-moving
neutrons gain energy in the lab frame, the neutrons emitted
backwards in the c.m. frame are either moderated or forced

(a) (b)

FIG. 2. Neutron spectra measured simultaneously to the results
in Fig. 1(b), along (a) the laser axis, and (b) 135° off the laser axis,
respectively. The error bars, only plotted over two representative
cases in (a) for clarity, represent the uncertainty in measuring
neutron spectra by the TOF detectors in the current setup.

FIG. 3. (a) 3D- and 2D-projection plots showing neutron (blue)
production at different times (as labeled 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) Angular 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 represents neutron flux
normalized 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 a dense bunch of deuterium ions.
(d) Peak neutron flux along the x axis (emitted within a small
cone of 5°) from sails of deuterium ions of spectral distribution
peaked at 20 MeV for different values of the spectral width
(ΔElong).
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to reverse their direction depending on the c.m. velocity,
effectively doubling the neutron flux in the forward
direction. The maximum neutron energy (En) along the
ion beam axis can be derived, similarly to Ref. [23], by
considering energy-momentum conservation [27]. It can be
expressed as En ¼ ðEd=4Þð

ffiffiffi

2
p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3Q=Ed

p Þ2, in terms of
the average kinetic energy of the deuterium ions (Ed) in the
sail and the Q value of the reaction (Q). As shown in
Fig. 3(c), the energies of the neutrons and deuterons
produced in each submicron CD target shot in Fig. 1(c),
are in very good agreement with the tunability expected from
the reaction kinematics in a moving sail. This is also
reproduced by the VSIM simulations carried out for deu-
terium sails of different energies, with neutrons’ angular
distribution shown in Fig. 3(b). The ability to tune the energy
of fast neutrons provides a unique perspective for premod-
eration down to the sub-MeV range for an efficient con-
version to epithermal and thermal 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
90 nm CD targets was an order of magnitude lower
compared to the case of 320 nm CD targets, whereas the
former produced deuterium spectra with higher energy
and comparable flux compared to the latter. Based on the
model simulations shown in Fig. 3(d), such scenario can
be explained on the basis of a significantly broader
spectral profile for deuterons obtained in the former case,
suggesting 90 nm thick targets undergo RIT during the
laser interaction. Indeed, targets thinner than 320 nm, as
shown in Fig. 1(c), have produced ion energies signifi-
cantly lower than expected from acceleration in a
LS-dominated regime. For ultrathin targets, RPA has
been shown to be very sensitive to target decompression
via electron heating as well as transverse instabilities
[9,30]. Direct interaction of intense laser pulses with a
semitransparent plasma has been shown to lead to some
enhancement in ion energies [12], although, with a broad
spectral profile unlike the one expected from LS accel-
eration alone.
As mentioned earlier, an effective way to overcome

target transparency is by providing the target a surplus of
electrons, for instance, by using a thin coating of high-Z
material on the target [13]. Although the overall target areal
density is doubled by adding a thin Au layer of 5 nm,
the “90 nm CDþ Au” target produced deuteron spectra
with a pronounced high energy spectral hump [as shown in
Fig. 1(b)], which agrees well with the RPA-LS scaling
shown in Fig. 1(c). Furthermore, the on-axis neutron flux
from the 90 nm CDþ Au target [ð1.1� 0.4Þ × 109 n=sr
for neutron energy above 2.5 MeV] was an order of
magnitude higher than for the uncoated 90 nm CD target,
even though the deuteron flux and cutoff energies from
both targets were similar. Therefore, it is the narrow-band

spectral bunch that led to the abrupt increase in neutron
yield in the case of the 90 nm CDþ Au target, as supported
by the VSIM simulations shown in Fig. 3(d). This
essentially indicates that the loss of efficiency of RPA-
LS as an acceleration mechanism below 320 nm 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—320 nm CD, 90 nm
CD, and 90 nm CDþ Au. To reduce the computational
demands inherent to ps-scale simulations, the setup param-
eters were scaled down while maintaining I0=ρc3 and
a20τp=χ constant, as carried out in Ref. [7]. The laser pulse
was modeled as p-polarized, with λ ¼ 1.053 μm, 300 fs
FWHM duration, and a Gaussian spot of 5 μm radius
with peak intensity I0 ¼ 3.0 × 1019 Wcm−2. The CD
target (99% CD, 1% CH) was modeled with density
ρCD ¼ 0.21 g cm−3. The scaled down thicknesses for the
90 and 320 nm targets in the experiment were calculated as
36 and 128 nm, respectively. The 5 nm thick Au layer was
modeled as a 2 nm Au layer of density ρAu ¼ 4.13 g cm−3
at the rear side of the CD target. All the species were
initialized as neutral atoms, with ionization state dynami-
cally calculated 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

(a,1) (a,2) (a,3)

(b,1) (b,2) (b,3)

(c,1) (c,2) (c,3)

FIG. 4. Laser electric field (*,1), proton (np) and deuterium ion
(nd) number density as the peak intensity reaches the target (*,2)
and at the end of the simulation (∼200 fs after the peak intensity)
(*,3), obtained by PIC simulations, for three different thickness of
the target: 320 nm (a,*), 90 nm (b,*) and 90 nm CDþ Au (c,*).
Color bars for proton and deuteron densities are common to (*,2)
and (*,3).
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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 90 nm CD target becomes
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 density pile-up at
the leading edge [as shown in Fig. 4(b,4)], typical of a
blow-out interaction regime. For the 90 nm CDþ Au case,
the presence of the high-Z layer maintained the target
opacity during the laser pulse. While a linearly polarized
laser pulse causes strong electron heating and leads rapidly
to a transparency regime [as in the case of 90 nm CD,
Fig. 4(b)], the simulation shows that the Au ions replenish
electrons to the interaction region in a highly self-organized
fashion due to the dynamic ionization. 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 acceleration. Such
a dense and lasting bunch of ions is the source of the
increased neutron flux observed in the experiment.
Simultaneous ion and neutron spectroscopy offered a

unique way of gaining insight into the laser-target interaction
dynamics, which is otherwise extremely difficult to measure
by conventional diagnostics. Using high-Z flash coating
allowed to extend LS to thinner targets (and higher bunched
energies). Highly beamed fast neutrons exceeding 109 n=sr
above 2.5 MeV were measured from the ultrathin (100s of
nm) CD foils without 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
intrinsic ultrashort (10 s of ps) burst duration. Since the
neutron yield depends directly on the square of ion density
and fusion burn time, there is significant scope for optimiz-
ing the brightness of the LS-driven neutron source by tuning
laser and target parameters. Furthermore, the LS-driven
neutron source also provides the unique perspective of
premoderating neutrons down to the sub-MeV range for
an efficient conversion to epithermal and thermal sources.

Data associated with the research in this article can be
found at [33].
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