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Abstract

Presented here are the results of an experimental cam-
paign undertaken on the Petawatt arm of the Vulcan
laser system in the Central Laser Facility in the UK. In
the experiment thin (75–100µm) ribbons of cryogenically
cooled solid hydrogen was used as a target. The inter-
action of a picosecond pulse with an intensity on the
order of 1020 W/cm2 produced beams of protons which
are compared to results obtained with plastic flat foil
targets. In addition to broadband TNSA-like spectra
seen in both target types, quasi-monoenergetic bunch-
ing is observed at energies exceeding the TNSA cutoff
for the cryogenic hydrogen targets, directed predomi-
nantly along the laser axis, suggesting a significant radia-
tion pressure contribution to the acceleration dynamics.
2D particle-in-cell simulations are also presented, which
demonstrate a strong relativistic self-focusing and chan-
nelling of the pulse inside the target, enhancing proton
energies via the hole boring mechanism. These enhanced
hole boring protons are suggested as a possible source for
the experimentally observed quasi-monoenergetic peaks.

1 Introduction

In almost all applications of MeV ions, a pure beam
with no contaminants is ideal. However, in most cur-
rent laser-driven acceleration schemes, either due to the
multispecies nature of most targets, or to the presence of
hydrocarbon surface contaminants, the beams produced
will contain several different elements in various ionisa-
tion states, which could need to be filtered out before
the beam can be used. A target composed of pure hy-
drogen, therefore, is an ideal candidate for proton accel-
eration for this reason. However, hydrogen gas jets his-
torically have seen limited use, due to their standard op-

erating density being underdense for the most powerful
lasers available today, which operate in the near-infrared
(λ = 0.8-1µm). Using hydrogen cryogenically cooled to
a solid state would alleviate this problem. Such a scheme
was first employed by Saunders et al. in 1967 [1], achiev-
ing energies of several hundred eV from a 500MW ruby
laser. In recent years, new cryogenic target delivery sys-
tems have been developed for use in laser applications.
The cryogenic system used in this article was tested at
two facilities, first at the kJ, nanosecond PALS facility,
where a stream of protons with an energy up to 1 MeV
was generated [2], and later at the short pulse ELFIE
laser at LULI, where a maximum energy of 14MeV was
demonstrated by Kraft et al. [3]. Recently, Obst et al.
[4], using the Draco laser system, delivered an inten-
sity of 6× 1020W/cm2 with 30fs pulses and 3J on target
energy, to accelerate protons via target normal sheath
acceleration (TNSA) up to 20MeV from a solid/liquid
hydrogen jet, produced form a different target delivery
system than the one used in this campaign.

Another potential benefit of solid hydrogen over tra-
ditional solid targets (plastic or metal) is its much lower
density. Solid hydrogen has an electron density of∼54nc,
where nc is the critical density for laser light of 1.054µm
wavelength (1.01× 1021cm−3). This is around an order
of magnitude lower than that of plastic (350nc), which
is a commonly used target in laser-driven ion accelera-
tion. The lower density of solid hydrogen could improve
the ion acceleration via radiation pressure acceleration
(RPA), specifically the thick target regime known as hole
boring (HB-RPA) [5]. The energy of ions accelerated
via HB-RPA scales as εmax ∝ Π in the non-relativistic
regime. The hole boring parameter, Π, is defined as
Π = I0

ρc3 , where I0 is the peak intensity, ρ is the density,
and c is the speed of light in vacuum. Therefore, the pro-
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ton energy accelerated by HB-RPA would be expected
to be an order of magnitude higher with solid hydrogen
than with plastic. This can be identified in the proton
spectra by deviations from the typical broadband expo-
nential TNSA spectrum.

2 Setup

The cryogenic target delivery system employed in this
experiment, named ELISE, is described in [2] and [6].
With it, thin (75-100µm) planar ribbons of solid hydro-
gen could be produced. In addition, 9µm thick plastic
(CH) flat foil targets were also shot, to serve as a refer-
ence. This thickness was chosen so that the CH targets
had roughly the same areal density as the cryogenic tar-
get.

Figure 1: Schematic of the experimental arrangement in
Vulcan.

The experiment was undertaken on the petawatt arm
of the Vulcan laser system, at the Central Laser Facility
in the UK. Here, pulses of ∼750fs duration and 300J of
energy on target were focused at an angle of 15-20◦ to
a spot with ∼5µm FWHM diameter, producing a peak
intensity approaching 5 × 1020W/cm2. Ion diagnostics
used were radiochromic film (RCF), and several Thom-
son parabola spectrometers (TPS) situated at 4◦, 14◦,
24◦, and 166◦ relative to target normal, with Fujifilm
BAS-TR imaging plates (IP) used as the detector. A
schematic of the experimental setup is shown in Figure
1.

3 Results

All target spectra exhibited the broadband, Maxwell-
Boltzmann spectrum typical of TNSA, however in the
hydrogen targets there was a significant number of shots
that featured a quasi-monoenergetic bunch at high en-
ergy, i.e. after the TNSA cutoff. Most of these features
appeared in TPS3, corresponding to the direction of laser
propagation, although two high energy peaks appeared
on TPS1, target normal. No such proton bunching was
seen for plastic targets. A selection of proton spectra
from the TPS along target normal and laser axis for some

Figure 2: Proton spectra and the detection threshold
taken along the target normal (TN) and laser axis
(LA) TPS for solid hydrogen targets of (a) 75µm and
(b,c,d) 100µm thickness. Quasi-monoenergetic bunches
at high energy are indicated by the arrows, seen along
target normal in (a) and (c), and laser axis in (b) and
(d). The dip in the peak in (a) is due to a dead pixel
on the IP. The statistical heights of each peak above the
noise level are displayed on the plots.

hydrogen targets that feature the monoenergetic bunches
is shown in Figure 2. The arrows indicate the peaks of
these bunches, each of which are detected at statistical
certainties above at least 5 standard devaitions. The
measured statistical significance of each peak is shown
above the arrows on the graph. The very high signif-
icance of these peaks shows that they are indeed real
features, and are not the products of random noise fluc-
tuations. Of the shots on hydrogen, ∼50% of shots show
bunching, with a mean central energy of 34 ± 10MeV,
with a mean energy spread (∆E/E) of 7%. The highest
energy bunch (Figure 2(c)) produced in the experiment
had a central energy of 52MeV, with the RCF stack de-
tecting protons up to 60MeV (see Figure 3). This repre-
sents the highest energy produced to date from a cryo-
genic hydrogen target.

Bunches indictate acceleration mechanisms beyond
TNSA. Additionally, the direction in which these
bunches are detected can give us further insight into the
dynamics. The bunches, for the most part, were detected
along the laser axis, with a few exceptions directed along
target normal, and not seen in multiple TPS in a single
shot. This could indicate that the mechanism responsi-
ble for the bunching operates in only a narrow angular
range. For ions accelerated from the front surface by
HB-RPA from an obliquely incident laser, conservation
of momentum dictates that the ions will be accelerated
in the direction of target normal. However, if the laser
pulse channels into the target, as has been observed in
near critical targets in the past [7–11], then the hole bor-
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Figure 3: Selected RCF layers from the shot in Figure
4(a). The pixel values of the scanned RCF images have
been converted to optical density, and the contrast of
each layer individually adjusted to visually enhance fea-
tures in the proton signal. Protons were visible up to the
layer corresponding to 59MeV. All layers shown are of
type EBT3. The cyan highlighted region indicates where
the dose profile was taken in every layer.

ing front will travel in a direction close to the laser axis.
This would present itself as a distinct beamlet of front ac-
celerated protons diverging from the beam of rear surface
protons accelerated via TNSA, separated approximately
by the angle of incidence of the laser pulse (∼20◦). This
would be visible in the transverse beam profiles derived
from the RCF stacks. To confirm this, proton dose pro-
files were taken from stacks from two shots on hydrogen,
and one from a plastic target taken immediately after.
The cyan coloured area in Figure 3 highlights the area
in each layer the dose profile was taken.

Figure 4: Dose profiles at all energies in an RCF stack
with angle, for three consecutive shots on (a,b) 100µm
hydrogen and (c) 9µm CH. The black solid lines are a
lineout of the dose profile (in arbitrary units) across a
high energy layer in each stack, indicated as the shaded
area. White dashed lines denote the centre of the beam-
lets seen in the profiles. Angles on the x-axis are not
with respect to target normal.

The dose profiles are shown in Figure 4. For the two
shots on hydrogen, two distinct beamlets can be seen
propagating ∼20◦ apart, approximately equal to the an-

gular difference between target normal (leftmost dashed
line) and the laser axis (rightmost dashed line). Line-
outs of the dose profile across a high energy layer (indi-
cated by the shaded rectangle) are overplotted on each
graph, clearly showing the two beamlets for the HR tar-
gets. The profile of the CH target has a more uniform
shape, showing a single symmetrical beam centred on
target normal, as expected from a typical TNSA process.
This provides further evidence that the protons from
hydrogen ribbons are likely accelerated by two mech-
anisms competing for dominance, TNSA and HB-RPA,
with the latter accelerating mainly along the direction of
laser propagation, which can be caused by the laser pulse
channelling inside the target. The RPA protons, origi-
nating from the front of the target, could also experience
an enhanced post acceleration by the TNSA sheath field
provided they are of high enough energy to reach the
rear side of the target before the field has diminished.

4 Simulations

To support the experimental results, a series of 2D
PIC simulations were run on the fully relativistic code
EPOCH [12]. Due to constraints on the size of the sim-
ulation, the full 100µm target could not be simulated.
This parameter in the simulations was therefore scaled
down to a smaller value of 20µm,, while keeping all other
variables true to experiment. The proton energies from
TNSA would be higher with this thinner target geom-
etry, although it was thick enough to not change by a
significant amount with a picosecond duration pulse [13].
This allowed for a minimising of the load on the com-
puting cluster, while keeping the conditions as close to
reality as possible. A box 90µm wide in x and 65µm in
y, with resolution ∆x×∆y = (20× 20)nm2 was defined.
Open boundaries were set for all x and y, with the laser
source attached to the minimum x boundary. The target
was initialised with an electron density of 54nc[2], and a
neutralising density of protons was input. All particles
had an initial temperature of 1keV.

The laser pulse was p-polarised, and incident on the
target surface at 20◦, to match the experimental condi-
tions. It had a Gaussian temporal profile with a duration
(FWHM) of τp = 750fs, with the total envelope ∼2τp
wide, encompassing 98% of the pulse energy. It was fo-
cused onto the target surface to a spot with a Gaussian
profile 6µm in width (FWHM), reaching a peak intensity
I0 = 5× 1020W/cm2.

The laser was observed to exhibit strong self-focusing
and channelling through the solid hydrogen target, Fig-
ure 5 shows the formation of the channel 300fs after the
interation of the peak of the pulse with the target. A
maximum intensity of approximately 2× 1021W/cm2 is
achieved at the point of strongest self focusing, and the
beam waist is reduced to a minimum of ∼1µm, on the
order of the laser wavelength. Figure 5 (b) and (c) shows
the electron and proton densities at the same time. The
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Figure 5: Results from a 2D PIC simualtion at a time 300fs after the incidence of the pulse peak at x = 0µm;
showing (a) laser intensity, with strong channelling and self-focusing of the pulse visible. The dashed line indicates
the initial position of the target front surface. (b) Electron, and (c) proton densities around the channel at the
same time, normalised to the critical density, nc.

pulse has completely cleared almost all particles from
the channel, forming a low density cavity. This lower
electron density of the channel, as well as the relativistic
energies of the electrons accelerated by the laser field,
results in ponderomotive [14] and relativistic [15] self-
focusing.

The input intensity was varied in the simulation from
(1− 10)× 1020W/cm2, and the HB proton energies were
extracted and compared to a short pulse (τp = 40fs) and
what is expected analytically [16] (Figure 6). The short
pulse laser does not exhibit channelling or self-focusing
inside the target, and so the energies are found to agree
with theory. The full scale pulse length shows a large
deviation in the maximum energies from prediction, due
to the self-focusing of the pulse to higher intensities. The
red points are the same long pulse data, which have
been rescaled to a laser intensity calculated from the
peak cycle averaged electric field measured in the chan-
nel. This rescaling agrees well with what is predicted by
theory. The unscaled data still scales quadratically with
the a0 (i.e. linearly with the intensity), implying that
the strength of self-focusing, and the power dissipated
inside the target, is not intensity dependent, at least in
the range of intensities investigated. The self-focused
intensity would be expected to be higher in 3 dimen-
sions, due to the lower power that is dissipated by the
pulse while in the channel in a higher dimensionality, as
shown by Pukhov et al. [7]. This higher intensity from
self-focusing in 3D could be the reason why the exper-
imentally observed energies of the proton bunches were
higher than what would be expected from the 2D PC
simulations, which implied that the self-focused pulse,
reaching an a0 of ∼40, could only generate proton ener-
gies of ∼20MeV, 14MeV lower than the average energy
detected.

5 Conclusion

The highest recorded proton energies to date from a
cryogenically cooled solid hydrogen target have been re-

Figure 6: 2D PIC results, showing scaling of the maxi-
mum energy of protons accelerated by radiation pressure
in solid hydrogen with the laser strength parameter, a0.
The results utilising two pulse lengths, 40fs and 750fs,
are shown, with the 750fs data also rescaled to the higher
a0 calculated from the cycle-averaged peak electric field.
The predicted maximum energy according to the ana-
lytical hole boring equations is denoted by the dashed
line.

ported, reaching energies up to 60MeV. Additionally,
quasi-monoenergetic bunches at central energies up to
52MeV were observed, indicating a strong influence on
the acceleration from hole boring RPA. Two distinct
beamlets, separated by the laser incidence angle, were
seen in RCF for the hydrogen target, while plastic tar-
gets exhibited only a single beam. This corresponds to a
beamlet accelerated by TNSA, and a beamlet accelerated
along the laser propagation direction, further evidence of
multiple acceleration mechanisms inside solid hydrogen,
such as hole boring. The second proton beam being di-
rected along the laser axis provides evidence, in most
cases, of some pulse channelling inside the target, influ-
encing the direction of the hole boring protons. 2D PIC
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simulations have been presented, which show a signifi-
cant channelling and self-focusing of the pulse inside the
target, enhancing the energies of the hole boring pro-
tons and directing them primarily along the laser axis
direction.
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