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Abstract

Laser-plasma ion acceleration is a fast-developing field of research, yielding ion sources capable of generating high
energy, high current, short ion beams. These characteristics make them ideally suited to many applications, includ-
ing hadron radiation therapy and nuclear physics. We performed a radiation driven, front surface ion acceleration
experiment using a long wavelength CO2 laser to irradiate gas targets. We devised and fielded a proton spatial
diagnostic which enabled us to make novel measurements of ion beam divergence. By comparison with shadowg-
raphy, we observed a relationship between the emission angle of the energetic ions and the electrons generated in
the laser plasma interaction. We also observed spatial and spectral modulations of the proton beam on our ion
diagnostics.
1 Introduction

In recent years substantial research efforts have been in-
vested in laser driven ion sources. These sources are
compact and can deliver high energy (up to 100MeV[1]),
short (ps to ns) ion beams with high peak currents and
low emittance. These characteristics make them well
suited to many medical, nuclear and material science
applications.

There are a number of mechanisms by which high
power lasers can accelerate ions [2]. Some mechanisms
exploit the ultrahigh radiation pressure of high power
lasers to accelerate ions at the front surface of an irra-
diated opaque target. One such technique is radiation
pressure driven collisionless shock acceleration (CSA),
in which a target with density just exceeding the plasma
critical density ncrit is irradiated by a laser pulse with
a few ps pulse length. This can generate an electro-
static collisionless shock, which accelerates background
ions to to twice the shock velocity [3, 4]. One of the main
benefits of CSA is that the produced ion beams can be
quasi-mono energetic rather than have a thermal energy
spread, which is very attractive for many applications,
including radiation therapy [5].

Another desirable characteristic for medical applica-
tions is for the beam to contain only one ion species,
for example pure helium. This is easily achieved when
gas targets are used. However it is difficult to produce
gas targets which are over critical to widely used near-
infrared high power laser drivers. Equations 1 and 2

show that both the vector potential of the laser, a0 and
the critical density of the plasma, ncrit, scale favourably
with the laser wavelength λ.

a0 =
eE0λ

2πmec2
, (1)

ncrit =
4π2meϵ0c

2

e2λ2
. (2)

These considerations make the long wavelength and
high power CO2 laser at the Accelerator Test Facility
at Brookhaven National Laboratory, an ideal choice for
exploring radiation pressure acceleration using gaseous
targets [6].

Previous studies have shown that collisionless shocks
arise in this regime and can accelerate ions in excess of
1MeV [7, 8]. It was subsequently shown that in order
to reliably produce quasi-mono energetic ions it is im-
portant for the front surface of the target to have very
steep density gradients [9, 10]. This can be achieved by
exploiting a laser pre-pulse to shape the target into a
spherical blast wave [11].

A technical challenge for many applications of laser
driven ion sources is the inherent large beam divergence,
which makes it very difficult to couple the ions efficiently
to any transport lines. However, the beam divergence in
the CSA is not well studied, and previous experiments
in these conditions did not measure it.

Therefore, we performed an experiment to study the
beam profile of CSA accelerated ions, and investigate its
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parametric dependence on gas density. We used the high
power CO2 laser at the Accelerator Test Facility to ac-
celerate protons from a hydrogen gas jet, which could be
optically shaped using the pre-pulse. We implemented
a tailored scintillator-based beam profile diagnostic ac-
curately measured the proton beams spatial profile. A
lower beam divergence was measured when the proton
spectrum was quasi-monoenergetic, and a strong depen-
dence on gas pressure was observed.

2 Experimental methods

Figure 1: Schematic of our experimental set-up. The
red shaded cone represents the CO2 laser, which is fo-
cused by an off-axis parabola onto the hydrogen gas tar-
get. The laser-plasma interaction is probed by a 100 fs
titanium-sapphire laser, depicted in green in the dia-
gram. Two time interferometry and shadowgraphy are
performed using this probe beam. The ions generated
in the interaction travel towards the proton spatial diag-
nostic screen, where a slit allows them to continue their
path towards the magnetic spectrometer.

The CO2 laser used has a wavelength of 9.2 µm, a pulse
length of 3 ps, a maximum intensity of 9 · 1021 Wm−2

corresponding to a0 ≈ 5.4. It delivered 5 J on target
and the focal spot size was 25 µm. The hydrogen gas
target employed had a flat top density profile. The den-
sity was controlled by varying gas pressure. Calibration
at a gas pressure of 40 bar showed a density of 5 · 1025
m−3 at 0.65mm above the nozzle, which is the height of
the laser focus. Figure 1 shows the experimental set-up.
The CO2 beam, marked in red, interacts with the target
in two steps: first a laser pre-pulse (∼40mJ) shapes the
target into a blast wave, then after a 25 ns delay the main
pulse arrives and drives the ion acceleration [9]. An op-
tical probe was implemented using a 100 fs Ti-sapphire
laser and it was used to perform two time interferome-
try and shadowgraphy. To achieve this the probe beam
was split in two beams with different polarisations and
then added a delay stage to one of the beams’ paths to
probe the laser-target interaction at a later time. The
ion beam produced travels to the proton spatial diagnos-

Figure 2: Representative proton spatial (up) and
Thompson spectrometer data (below) for two different
acceleration modes. The blue region on both scintilla-
tor images shows where the Thompson parabola’s slit
is located spatially. The red circles in a) show the 10◦

and 20◦ beam divergence boundaries, in b) the red circle
shows the FWHM of the ion beam obtained by fitting
Gaussians. Laser energies were 5 J for both shots, the
pre-pulse was 5mJ in a) and 40mJ in b).

tic, which uses an EJ-440 scintillator screen shielded by
2.4 µm thick aluminum foil. The screen was sensitive to
ion energies above 260 keV. A portion of the ion beam
continues its path through a slit in the proton spatial
screen, after which it reaches the magnetic spectrometer.
This diagnostic uses a magnet to deflect particles based
on their momentum, the particles then reach a scintilla-
tor screen where their position is directly related to their
energy, hence providing the beam’s energy spectrum.

3 Data and results

Figure 2 shows typical examples of the proton spatial
profile for a) a low pre-pulse of 5mJ and b) for 40mJ.
The acceleration mode of the interaction could be con-
trolled by manipulation of the prepulse. With pre-pulses
too small to shape the gas jet, thermal beams were
always produced. With appropriate prepulse levels of
about 40mJ, quasi-monoergetic features were measured,
which is likely to indicate radiation pressure driven colli-
sionless shock acceleration. As highlighted on the figure
the divergence of the quasi-monoenergetic ion beam is
much lower (15◦) than that of the thermal ions (≫20◦).

Spatial structure was observed in the quasi-
monoenergetic ion beams as shown in figure 2 b). The
proton spatial screen displayed significant filamentation
of the ion beam while the Thomson spectrometer data
shows meaningful spectral variation along the spatial
axis.

The vertical position of the proton beams generated
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Figure 3: The vertical offset angle of the ion beam cen-
troids for varying gas pressures. The dashed line marks
the laser’s mean propagation direction. The red line in-
dicates the variation of the centroids’ position with pres-
sure.

Figure 4: Shadowgraphy of a) a low pressure shot (4 bar)
where the electrons’ plume was clearly visible and the
mean deflection angle is marked, and b) a higher pres-
sure (16 bar) shot where the plasma downstream of the
blast wave is homogeneous. The laser and the pre-pulse
energies were respectively 8 J and 43mJ in a) and 7.5 J
and 47mJ in b)

in the collisionless shock acceleration mode was found to
vary with gas pressure, as shown in figure 3. At lower
pressures, the proton beam pointed below the laser axis,
whereas at higher pressures it pointed above.

Figure 4 shows representative shadowgraphy data for
a) low and b) high pressure shots, both at t = 30ps
after the interaction. Shadowgraphy measurements on
low pressure shots indicate a vertical asymmetry in the
plasma formation. The prepulse shaped blastwave is
clearly visible on the left hand side of both images. The
laser propagates from left-to-right, and is absorbed at the
blastwave shell. In figure 4 a) a large-scale modulation
of the optical probe beyond the blast wave is observed
pointing upwards. Shadowgraphy is sensitive to strong
changes of gradient in the electron density, and there-
fore 4 a) indicates the plasma formation is asymmetric in
the vertical direction. The plasma formation beyond the
blast wave is dominated by field ionisation from the ener-
getic electrons generated by the laser plasma interaction.
Hence, the upwards-pointing feature in the shadowgra-
phy implies that the laser accelerated electrons are also

Figure 5: The electrons’ deflection angles are plotted
versus the corresponding ions’ deflection angles. The
red line which is a trend of the data after binning shows
a general negative trend

propagating in that direction. The ion beams produced
in these shots pointed downwards with respect to the
laser direction. The fine scale transverse modulation of
the plasma is due to a Weibel-like current filamentation
instability [12].

Despite the fact that the blastwave is evident for
higher gas pressures (Figure 4 b)), the behaviour down-
stream of the shock is very different; there is no clear
asymmetry in this case, but the ions generated seem to
point upwards.

Figure 5 takes into account low pressure shots and
shows the relationship between the characteristic an-
gle of the plasma formation and the corresponding ion
beams’ deflection angle. There is a clear negative cor-
relation, suggesting that these two asymmetries are in-
versely linked, the more the ions point downwards, the
more the electrons point upwards.

An explanation for the vertical asymmetry is an offset
between the centre of the blast wave and the laser focus.
As the blast wave surface is curved, any off-set would
result in a change in the effective angle of incidence onto
the density gradient. Despite the blast wave shaping,
there is still a relatively long density scale length which
would cause laser refraction before reaching the criti-
cal surface. Therefore, if the laser was focused below
the centre of the blast wave, the slight angle of the gas
target would cause the laser to refract upwards. The
generated electrons are then preferentially accelerated
in the shifted laser propagation direction as they follow
the laser. On the other hand, the protons will be accel-
erated along the surface normal direction, which would
translate to a downward tilt. The ions’ deflection should
be more marked the further the laser focus is from the
centre of the blast wave, and indeed this appears to be
the case in our data as shown by figure 3. Simulations
are being performed to further elucidate the observed
acceleration dynamics.
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4 Conclusions

We performed an experiment where a high intensity
(9·1021Wm−2) laser interacted with near critical density
plasma and we were able to directly probe the interac-
tion, obtaining sharp shadowgraphy and interferometry
data.

We also fielded an innovative proton spatial diagnostic
which allowed us to measure the divergence of our ion
beams. We compared the divergence of thermal ions
produced in a sheath acceleration regime and that of
quasi-mono energetic ions and we found that the latter
was significantly smaller.

The proton spatial data in conjunction with the shad-
owgraphy data revealed that both ions and electrons
travelled away from the target at an angle with respect
to the laser propagation direction. There is a reciprocal
relationship between the deflection angles of the elec-
trons and ions which could be explained by assuming
that the laser impacts the blast wave target a certain
vertical distance away from its centre.

We also observed spatial modulation on both ion di-
agnostics, further work is needed to understand exactly
what the source of these features is.

Being able to identify, explain and eventually tailor
the spatial properties of the ion beam distribution is im-
portant for all applications. In particular a better un-
derstanding of the ion divergence and deflection angles
would allow for enhanced coupling between the beams
and transport lines.
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