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A beam of multi-MeV helium ions has been observed from the interaction of a short-pulse high-
intensity laser pulse with underdense helium plasma. The ion beam was found to have a maximum energy
for He2� of �40�3

�8� MeV and was directional along the laser propagation path, with the highest energy
ions being collimated to a cone of less than 10�. 2D particle-in-cell simulations show that the ions are
accelerated by a sheath electric field that is produced at the back of the gas target. This electric field is
generated by transfer of laser energy to a hot electron beam, which exits the target generating large space-
charge fields normal to its boundary.
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With the development of short-pulse high-intensity la-
sers it has become possible to generate energetic particles
such as relativistic electrons [1], � rays [2], and MeV ions
[3–5] from laser-plasma interactions. The acceleration of
ions has received particular attention due to the high qual-
ity of the energetic beams produced. The ion beams pro-
duced are charge neutralized and are found to have high
energy, large total charge, small emittance [6], and small
virtual source size [7]. This makes them particularly valu-
able for many proposed applications such as proton radi-
ography [7], isochoric heating [8], medical isotope
preparation [9], cancer therapy [10], and even as possible
injectors for higher energy accelerators [11].

Laser-plasma interactions can be broadly categorized
into either underdense or overdense interactions depending
on whether or not the laser can propagate through the
plasma. Most recent investigations of ion acceleration
from a laser-plasma interaction have concentrated on over-
dense plasmas, and, in particular, on the beam of ions
emitted from the rear surface of laser irradiated solid
targets. The ions are accelerated by the large quasistation-
ary space-charge fields set up at both front and rear sur-
faces of the target or by electrostatic shocks propagating
through the target. The space-charge separation at the front
surface is due to the ponderomotive potential of the laser
pulse [12,13]. At the rear surface, the accelerating field is
set up by the expulsion into vacuum of the beam of hot
electrons which is generated at the front surface and trans-
ported through the target [14]. The balance between the
front and rear acceleration fields is determined by the laser
conditions, in particular, the prepulse level, laser intensity,
and target geometry [15]. The ion beam primarily consists
of protons which are found as water and organic contami-

nants on most solid targets. Thus to accelerate higher Z
ions efficiently, significant effort must be taken to prepare
and clean the targets before irradiation [13,16].

Multi-MeV energy ions have also been observed from
underdense plasma targets [17]. In this case the ions were
found to be emitted transverse to the direction of laser
beam propagation. A Coulomb explosion [18] accelerates
these ions through the large space-charge field generated
by the ponderomotive expulsion of electrons from the
central channel by the high-intensity laser. Recently, it
has been observed that the maximum energy of the trans-
verse ions is increased by collisionless shock acceleration
[19]. This underdense ion acceleration mechanism allows
ions from gas of any required Z to be efficiently acceler-
ated. However, the lack of collimation of the ions limits the
use of this mechanism for most applications.

In this Letter we present the first observation of a colli-
mated beam of MeV ions generated in the forward direc-
tion from underdense laser-plasma interactions. The bal-
ance between transverse and longitudinal acceleration is
found to be primarily dependent on plasma density. At the
highest density investigated, the forward going ion beam
was found to have a maximum energy much higher than
the transverse ion beam from the same interaction. Two-
dimensional particle-in-cell (PIC) simulations were used to
investigate the effect of the plasma density on the accel-
eration of the ions in the forward direction. It is found that
the longitudinally accelerated ions are generated by a
sheath acceleration mechanism, similar to those generated
in solid target interactions. The laser energy is efficiently
absorbed mainly by direct laser acceleration of the plasma
electrons to energies up to hundreds of MeV [20]. As the
fast electrons leave the plasma, they generate a large
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electric field, which accelerated ions to energies of many
MeV. The simulations show a collimated beam of ions with
a 7� half-angle divergence.

The experiment was performed using the VULCAN
Petawatt laser [21]. The laser pulse had a duration of �l ’
1:0 ps full width half maximum (FWHM) with energy of
up to 340 J on target and a central wavelength �0 �
1:054 �m. An f=3 off-axis parabolic mirror focused the
laser onto the edge of a gas jet with a 2 mm diameter
supersonic nozzle. The laser intensity profile at vacuum
focus was characterized by a FWHM of w0 ’ 7 �m. The
peak vacuum intensity of the laser was therefore I0 ’
5:5� 1020 W cm�2, which corresponds to a peak normal-
ized vector potential, a0 ’ 21. The backing pressure to the
gas-jet nozzle was varied so that the electron density of the
fully ionized plasma could be set between �0:7–4:0� �
1019 cm�3. Supersonic nozzles were used to ensure a
uniform density profile over a given distance (depending
on the diameter of the nozzle), and a reasonably sharp
density ramp both at the front and back of the gas jet
(<250 �m). The density profile of the gas jet was deter-
mined prior to the high-intensity shots by interferometry.
The frequency separation of the forward Raman scattered
laser spectra [�! � !pe � �nee2=me�0�

1=2] confirmed
the electron density ne of the interaction.

Energy spectra of accelerated ions were taken at four
different angles to measure the angular emission of the
ions. Thomson parabola ion spectrometers were placed at
45� and 90� to the direction of the laser propagation. In
addition, there were two magnetic spectrometers, one
placed at 10� and one directly on the axis of propagation
of the laser (0�). Though primarily used to measure the
spectrum of energetic electrons emitted in the interaction,
the open geometry of the magnetic spectrometers also
allowed the measurement of ions and other positively
charged particles. The ions are deflected in the opposite
direction from electrons by the magnetic field between the
spectrometer’s circular pole pieces. The deflection of the
ions depends simply on their charge-to-mass ratio and their
momentum, thus allowing their energy to be determined.
The energy resolution of the ion spectra was determined
by the width of the entrance slit to the spectrometer,
which was 2 mm wide. The nuclear track detector CR39,
which is insensitive to positrons, was used to detect the
ions. CR39 responds to ions with energy greater than
�100 keV=nucleon. The tracks caused by the passage of
energetic ions can be revealed by etching the CR39 with
NaOH solution.

For a helium gas target, there are two possible ion
species, He1� and He2�. In the Thomson parabola spec-
trometers, these different charge-to-mass ratio species are
separated spatially by an additional electric field. In the
magnetic spectrometers, the different species are not sepa-
rated; therefore, it was necessary to distinguish between
the species by the pit size for all ions deflected by a similar

amount. A schematic of the experimental setup and the on-
axis charged-particle spectrometer, measuring both the
electrons and ions, is shown in Fig. 1. At a particular point
on the detector, both ion species may be present but the
He2� will have more energy. The higher the energy of an
ion, the further into the CR39 it will travel before it is
stopped and therefore the damage will be deeper into the
material. When the CR39 is etched, pits appear where the
ions are stopped. The smaller pits on the surface are the
result of deeper damage. Hence at a particular point, using
the electron spectrometers, the smaller pits will be from
He2� ions and the larger ones from He1� ions, allowing the
species to be differentiated. Electron spectra were also
measured simultaneously on each shot by using image
plate detectors as has previously been reported [20].

For plasma densities below 2� 1019 cm�3 energetic
ions were found to be emitted primarily in the transverse
direction consistent with previous measurements [17,19].
However, above this density a clear, reproducible signal of
ions was observed in the 0� and 10� spectrometers. For
example, we present helium ion spectra from a shot for
which a pulse of 340 J (I0 	 6� 1020 W cm�2) was inci-
dent on a helium plasma with an electron density of ne �
4� 1019 cm�3. The electron spectrum for this shot has a
maximum energy of �65 MeV, with a characteristic tem-
perature of Te � 7:4 MeV. The helium spectra at various
angles are shown in Fig. 2. In the transverse direction He2�

had a maximum energy of �7:8
 0:6� MeV and He1� had
a maximum energy of �3:4
 0:4� MeV. In the longitudinal
direction He2� had a maximum energy of �40�3

�8� MeV and
He1� had a maximum energy of �10
 3� MeV. There
were no pits observed on the back surface of the CR39
which means that there were no helium ions with 43 MeV,
which gives an upper limit to the energy. Noticeably, the
maximum energy and number at 45� is less than both the
transverse and longitudinal directions. Also, the maximum
energy at 10� is about an order of magnitude less in
number than in the forward direction. Hence one can
ascertain that ions in the range 5–40 MeV are collimated
in a beam with divergence angle less than 10� in the
forward direction.

2D PIC simulations were performed with the code
OSIRIS [22] to model this type of interaction. The laser
was propagated through a stationary box to allow the ion
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FIG. 1 (color online). Experimental setup showing the on-axis
charged-particle spectrometer.
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dynamics to be observed to later times, even after the laser
pulse had left the box. The box was 251� 251 �m with a
resolution of 20:9 cells=� in the longitudinal (x) direction
and 12:6 cells=� in the transverse direction (y). The box
was smaller than the experimental dimensions due to com-
putational constraints. The ion acceleration was investi-
gated with changing plasma electron density. Since
ionization effects are not included in the code, a He2�

plasma was used to avoid complications due to balance
of the different charge states. Electron densities of 0:1nc,
0:05nc, and 0:01nc were simulated, where nc is the critical
density. The plasma profile had a 71 �m-long linear den-
sity ramp at the front, 25 �m of plasma at maximum
density and then 71 �m density ramp at the back of the
target. The vacuum then extended a further 84 �m behind
the plasma. The laser pulse was linearly polarized, with
�l � 500 fs and focused to a spot of diameter w0 � 8 �m
at the top of the front density ramp to give a peak normal-
ized vector potential a0 � 13.

Figure 3 shows the electron and ion densities and the
longitudinal electric field at 1.0 ps into the simulation, for a

run with ne � 0:05nc. The electrons have been accelerated
by a combination of plasma fields and direct laser accel-
eration. It is noted that PIC simulations provide a reason-
able model of the transport of the hot electrons in
underdense targets due to the relatively negligible effect
of collisions. The high-charge high-energy electron beam
diverges and finally moves out into the vacuum. Since the
ions have not yet responded, a large longitudinal electric
field Ex is formed at the plasma-vacuum interface. The
peak electric field (�0:7 TV=m) occurs at a time close to
that shown in Fig. 3. As the ions at the back of the target
begin to move, in response to this field, Ex is reduced in
value. Nevertheless, the ions continue to be accelerated by
the expanding sheath front.

Figure 4 shows the ion px against py momentum at times
of 0.5 ps, 1.0 ps, 1.5 ps, 2.5 ps, and 3.5 ps. Before the hot
electron beam exits the plasma, acceleration is only seen in
the transverse direction, py. This transverse acceleration is
due to the ‘‘Coulomb explosion.’’ Once the hot electrons
leave the target and the back surface sheath field is set up, a
beam of ions is accelerated in the longitudinal direction.
The He2� ion beam has a maximum energy of about
45 MeV and a divergence of 7� half-angle at 25 MeV at
the end of the simulation. It is also noted that in the
simulations, the exit of the return current from the front
of the target ejects ions from the front surface as well.
However, with the thicker targets used, this feature has yet
to be observed experimentally.

The simulated He2� ion spectra, in both the longitudinal
and transverse directions, for different density plasmas, are
shown in Fig. 5. The density scan reveals the same depen-
dence observed experimentally. At the lowest density
(0:01nc), the acceleration is almost purely in the transverse
direction. However, at 0:05nc the longitudinal acceleration
is already more effective than the radial acceleration. At
the highest density of 0:1nc, the radial ion acceleration is

FIG. 3 (color). At a time 1.0 ps after the start of a simulation
for ne � 0:05nc (a) electron density, (b) He2� ion density, and
(c) longitudinal electric field.

FIG. 4 (color). He2� ion px against py plots, at times of 0.5 ps,
1.0 ps, 1.5 ps, 2.5 ps, and 3.5 ps for ne � 0:05nc.

FIG. 2 (color online). Helium ion spectra at various angles.
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again not as effective as the longitudinal ion acceleration in
number or maximum energy. Indeed the amount of accel-
eration is limited in the simulations by the amount of
vacuum behind the plasma (again due to computational
constraints). With a longer acceleration length, the ions
would attain even higher energies longitudinally.

The acceleration of ions by an electrostatic sheath can be
modeled as the plasma expansion into a vacuum [23,24].
An expression for the maximum ion energy from this
model is Emax ’ 2ZkBTe�ln���

��������������

�2 � 1
p

��2, where � �

!pit=
��������

2e1
p

, t is the time that the electrons are hot and e1

denotes the numerical constant 2.71828. . .. At a plasma
density of 4� 1019 cm�3 with a measured electron tem-
perature of Te � 7:4 MeV and for a laser pulse length of
1 ps gives maximum ion energies greater than but of the
order of those measured. It may be considered surprising
that we observe ion energies of this order, considering that
this model assumes a zero scale-length plasma on the rear
surface. For solid density targets, increased rear-end den-
sity scale length has been shown to dramatically reduce
the acceleration, since the maximum electric field is given
by Emax 	 Te=�eL�, where L is the sheath scale length
[14,15]. In both our experiment and simulations, the scale
length due to the initial gas density ramp is much larger
than the Debye length �D � ��0kBTe=neoe2�1=2, and may
be expected to reduce the maximum electric field by
greater than an order of magnitude. However, the simula-
tions show that a larger fraction of the hot electrons can
escape in the underdense case due to the high electron
temperature. This is aided by the presence of the high-
intensity laser pulse in the sheath region, which opposes

the space-charge force trying to prevent plasma electrons
escaping to vacuum.

Because of the large radial extent of the sheath field in
this interaction, a relatively long acceleration time over-
comes the relatively low electric field strength, in under-
dense as opposed to overdense interactions. Furthermore,
the high fast electron temperatures and almost uninhibited
transport of the plasma electrons are also beneficial to the
maximum final energies of the ions. Finally we note that
underdense targets are relatively immune to detrimental
prepulse effects and furthermore do not require complex
target construction or extensive preshot cleaning as com-
pared to solid targets. Hence gas targets may prove to be
an interesting alternative for generating collimated beams
of high-energy ions from laser-plasma interactions both
for high Z ions as well as protons. Since much higher elec-
tron temperatures are possible with gas targets it may be
possible to accelerate ions to higher energies using this
technique.
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FIG. 5 (color online). Simulated He2� ion spectra at 3.5 ps for
plasma densities of (a) 0:1nc, (b) 0:05nc, and (c) 0:01nc.
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