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Abstract

Interaction of intense lasers with nm thick targets pro-
vides an attractive regime for the acceleration of ions
of all types. Acceleration of heavy ions however is un-
dermined in the presence of low-Z contaminant species
due to their higher charge-to-mass ratio. Here we show
a narrow-band acceleration of super-heavy Au ions from
∼15 nm Au foils driven by a sub-Petawatt laser, with
spectral peaks of 1.5 ± 0.5 GeV at fluxes on the order
of 1012 particles per steradian. 2D particle-in-cell sim-
ulations show a complex interplay between different ac-
celeration mechanisms at different stages of interaction,
suggesting the Au bunches stem from strong radiation
pressure acceleration on a heavy-ion dominant plasma
in the moments just before transparency, followed by
an efficient acceleration due to transparency-enhanced
mechanisms.

1 Introduction

Laser-driven ion acceleration has gained substantial in-
terest in recent years [1, 2] due to its potential diverse ap-
plications in fields such as radiotherapy [3], high energy
density physics [4], and nuclear physics [5]. In particular,
the acceleration of extremely heavy ions, e.g. Au, to GeV
energies and in high particle numbers has caught atten-

tion for nuclear physics research, in the context of, for
example, the fission-fusion reaction mechanism to study
the astrophysical r -process [6], which demands kinetic
energies of several MeV/nucleon [6] and at very high
fluxes to be efficient. While laser-driven sources offer the
only possible route to deliver these ultra-short bunches of
ions, significant progress has been made with high power
lasers accelerating heavy ions to multi-MeV/nucleon, al-
beit, so far, with a broadband, thermal spectrum (at-
tributed to a sheath acceleration dominated interaction)
that limits the number of particles at the high energy
end of the spectrum [7–15].

In this article, we show results obtained employ-
ing ultra-thin Au foils, where very significant acceler-
ation of the heavy bulk species is observed, in spec-
tral peaks of narrow bandwidth. Gold ions were ac-
celerated to energies up to 2 GeV, with pronounced
spectral peaks spanning the 1–2 GeV (5–10 MeV/n)
range — to our knowledge this is the first instance of
bunched acceleration of extremely heavy ions, with a
peak particle flux at high energy that is several orders
of magnitude greater than what has previously been re-
ported [8, 11, 15]. Particle-in-cell simulations indicate
that a multi-mechanism, hybrid acceleration process [17]
takes place in stages, where radiation pressure acceler-
ation (RPA) leads to the bunching of Au ions only in
the moments close to the onset of transparency, acting
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Figure 1: (a) Schematic of the experimental setup, TPS1–3 represents the three high resolution Thomson parabola
spectrometers (TPS) deployed at different angles (as labelled) with respect to target normal (red dashed line).
(b, c, d) Raw image plate data from each TPS on 15 nm gold foil, with example ion traces indicated in cyan,
where ion energies increase going from right to left on each image. Au ion traces (as labelled) represent the bounds
of the charge ranges over which spectra were integrated. The insets show the full IP image. (e, f, g) Au ion
spectra, in order from TPS1 to TPS3, for 15 nm (black) and 30 nm (red) targets. For both thicknesses, spectra
are shown representing signal integration over the entirety of the charge states observed (solid lines, charge ranges
are as labelled in the legend), and energies calculated assuming a central charge of 44+ and 51+ for the 15 and
30 nm targets, respectively. Additionally, for the 15 nm target, a second spectrum was generated integrating signal
only for charges above 45+ (dashed lines), representing most of the ion signal, at a central charge of 51+. The
difference in ion energy at the spectral peak of solid and dashed black lines is due to the chosen charge states
for energy calculation. The Au ion flux in the spectrum was calculated by using the absolute calibration of the
detector (BAS-TR image plate) response to laser driven Au ions shown in Ref. [16].

efficiently on a plasma populated predominantly by the
heavy ions, followed by an efficient acceleration of the
Au ion bunch in the transparency regime.

2 Setup

The experiment was performed using the Petawatt arm
of the Vulcan laser system at the Rutherford Appleton
Laboratory, UK. A schematic of the experimental setup
is presented in Fig. 1(a). Linearly polarised beams of
central wavelength 1.054 µm were focussed on targets at
near-normal incidence (measured as between 1–2◦) by an
f /3 off-axis parabolic mirror, after being reflected off a
plasma mirror in order to improve the temporal contrast.
Targets consisted of ultra-thin gold foils with thicknesses
of 13±5 nm and 30±3 nm (henceforth referred to as 15
nm and 30 nm targets, respectively). The ultra-thin foils
were floated-off over washers which are in turn mounted
on the target frames. Due to potential target deforma-
tions and tilts which can arise during deployment, the
incidence angle is typically defined within an uncertainty
of a few degrees. The laser energy delivered on target was
in the range (175±25) J in (800±100) fs duration, after
considering the reflectivity of the plasma mirror (mea-
sured experimentally during the campaign). The focal
spot had a Gaussian profile, with a full width at half
maximum (FWHM) of ∼5 µm, and ∼35% of the laser

energy contained within it, leading to a calculated peak
intensity of (3±2)×1020 W/cm2. Three high resolution
Thomson parabola spectrometers were deployed along
observation lines looking at -5◦ (TPS1), -1◦ (TPS2) and
10◦ (TPS3) with respect to the laser axis, and on the
same plane as the interaction. The ion spectra in the
TPS were recorded by Fujifilm BAS-TR image plate de-
tectors, whose response to protons, carbon ions and gold
ions were absolutely calibrated against CR-39 detectors,
as described in Refs. [16, 18–20].

3 Results

Figure 1(e, f, g) shows the Au ion spectra obtained, along
each observation line, from the interaction with a 15 nm
(black) and a 30 nm (red) thick Au target. Details on
the experimental setup can be found in the methods sec-
tion. The Au traces for similar charge states (typically
between 36–55+ for the 15 nm target, and 44–58+ for
the 30 nm target) had an unavoidable overlap at energies
above a few MeV/n, as can be seen in the traces shown
in Fig. 1(b–d). The gold ion spectra in Fig. 1(e–g) repre-
sent a range of charge states as labelled. The ion traces
for both thicknesses were analysed by integrating the en-
tirety of the ion signal (solid lines), and additionally, for
the 15 nm target, a second charge range was analysed by
selecting the signal within a range of 45–51+. Ion ener-
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gies were calculated assuming an average central charge
of 44+ for the 15 nm targets full signal, and 51+ for both
the 30 nm targets full signal, and 15 nm targets smaller
signal range.

In contrast to the broad spectra obtained from the
30 nm targets, one can clearly observe narrow-band spec-
tral peaks of Au ions from the 15 nm thick targets. The
spectral peaks are located at the high energy end of their
spectra, peaking on TPS1 at ∼8+4

−2 MeV/n. Errors in en-
ergy in this instance result from the range of overlapping
charge states at high energies, as labelled in the legend in
Fig. 1. Using this spectrum, the Au ion bunch across the
full charge range (spanning 5–10 MeV/n) is calculated
to have a flux of ∼8×1011 particles per steradian [16] —
many orders of magnitude higher than the fluxes of GeV
Au ions previously reported [8, 11, 15]. The narrow-band
spectral peaks are observed predominantly along target-
normal (laser-axis) directions (TPS1 and TPS2). In the
TPS spectra collected at the widest observation angle
(Fig. 1(g), 10◦), the prominent gold bunch has faded out
both in terms of flux and prominence, with a significant
drop in cut-off energy. This indicates that the bunched
gold ion beam is produced with a small angular diver-
gence, with a half-cone angle of ∼10–15◦.

4 Simulations

The physics underpinning the bunched acceleration of
Au ions is explored via 2D PIC simulations employ-
ing the fully relativistic code EPOCH [21]. Details on
the simulation setup can be found in the Methods sec-
tion. A linearly polarised pulse with λ = 1.054 µm,
I0 = 1.1 × 1020 W/cm2, a Gaussian temporal profile
of 700 fs (FWHM), and a Gaussian spot of 5.6 µm
(FWHM) was launched along the x axis. A target was
placed normal to the laser direction, consisting of gold
at a density of 58nc (where nc is the critical density of
the laser) at thicknesses of 15 nm and 30 nm, with 10
nm of hydrocarbon contaminants on both the front and
rear surfaces. The contaminants contained carbon and
hydrogen in the ratio CH2, with densities of 20nc and
40nc, respectively. Due to the many possible heavy ion
charge states that can be present in such an interaction,
dynamic ionisation was employed, using ionisation ener-
gies found on the NIST database [22]. The simulation
box was 110 µm in x, and 80 µm in y with a spatial res-
olution of 5 nm, and 10 nm, respectively. There was 500
particles per cell and per species, loaded initially into the
simulation.

Fig. 2 shows the results of the simulations. The 15
nm target produced a gold bunch, accelerated up to the
high energy end of the spectrum, with bunching main-
tained until after the pulse. Targets thinner than 15
nm resulted in a higher maximum energy of gold ions,
however with no apparent spectral peaks at the end of
the simulation. Panels (a) and (b) show the time evolu-
tion of the cycle averaged longitudinal electric field taken

Figure 2: 2D PIC simulations comparing two target
thicknesses, showing (a,b) the time evolution of the cy-
cle averaged longitudinal electric field along the laser
axis for 15 nm and 30 nm thick targets, respectively.
The black curves indicate the positions of (relativisti-
cally corrected) electron density fronts at 0.1, 0.2, 0.5,
and 1 times critical, while the vertical dotted and dashed
lines indicate the transitions between each acceleration
phase: TNSA, RPA, and RIT. (c,d) The time evolution
of the Au ion momentum spectrum (integrated over all
charge states, to account for ionisation during the pulse)
along the laser axis, for each thickness. Time is mea-
sured relative to the incidence of the pulse peak at the
initial target front surface (x=0 µm). Au40−51+ ion en-
ergy spectra from the 15 nm (e) and 30 nm (f) targets
are shown, taken at t = 270 fs, inside 1 degree half-angle
cones directed on-axis (blue — 0◦) and off-axis (red —
10◦).

along a thin 0.2 µm slice centred on the laser axis. The
longitudinal positions of various electron densities are
also shown in greyscale on each plot. There are distinct
phases of acceleration apparent in the electric field pro-
files. The initial acceleration during the pulse rising edge
is dominated by sheath fields, leading to an ordering of
the proton, carbon, and gold ions according to charge-
mass ratio, the boundaries between which can be seen in
the plot as the sharp jumps in field strength, marked as
‘P’, and ‘C’, respectively. At this early stage of the in-
teraction the laser is not intense enough for its radiation
pressure to dominate the acceleration. The thermal pres-
sure by the expanding plasma slightly overcomes the ra-
diation pressure, forcing the critical density surface (the
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black line on Fig. 2(a) and (b)) backwards. As this ther-
mal expansion causes the electron density of the target
plasma to decrease over time, the influence of radiation
pressure from the continuously rising pulse intensity be-
gins to take effect. At a certain point (indicated by the
dotted lines on each plot) the radiation pressure begins
to dominate over the thermal pressure, resulting in the
critical surface and bulk plasma ions being accelerated
forward (at this point consisting mostly of low q/m ions,
such as high charge state gold ions) before the onset of
RIT effectively shuts the RPA off. The onset of trans-
parency, corresponding to the time at which maximum
γnc < 1, is highlighted by the dashed lines on each plot.
The relatively short RPA-dominant phase is what causes
the heavy ion bunching, as can be seen in the time evo-
lution of the gold ion spectra (marked as ‘B’ in Fig. 2(c)
and (d)), before being post-accelerated by transparency-
enhanced accelerating fields.

Fig. 2(e) and (f) show Au40−51+ ion spectra taken at
270 fs after the pulse peak interaction, for each target
thickness. Significant Au ion bunching can be seen for
the 15 nm target in the on-axis direction, while for the
off-axis direction, the bunching of Au ions has been less
effective, showing significantly less prominent spectral
peaks with lower fluxes and at lower energies, consistent
with the experimental observations. On the other hand,
the 30 nm target displays ions with a spectrum devoid
of significant peaked features, at a considerably lower
energy, and with a more isotropic emission, as was seen
in the experiment.

5 Conclusion

In conclusion, we have reported on the first experimental
observation of narrowband beams of super heavy ions,
at energies approaching 2 GeV and with particle fluxes
many orders of magnitude higher than what has previ-
ously been reported for laser produced heavy ions. While
PIC simulations suggest a complex multi-mechanism,
multi-species hybrid scenario behind the formation of
narrow-band heavy ions, significant increases in energy
can be achieved at upcoming multi-PW laser facilities.
These beams could be extremely useful in many appli-
cations, most notably in nuclear physics and laboratory
astrophysics research.
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