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Ion acceleration by the interaction of an ultraintense short-pulse laser with an underdense-plasma has
been studied at intensities up to 3� 1020 W=cm2. Helium ions having a maximum energy of 13:2�
1:0 MeV were measured at an angle of 100� from the laser propagation direction. The maximum ion
energy scaled with plasma density as n0:70�0:05

e . Two-dimensional particle-in-cell simulations suggest
that multiple collisionless shocks are formed at high density. The interaction of shocks is responsible for
the observed plateau structure in the ion spectrum and leads to an enhanced ion acceleration beyond that
possible by the ponderomotive potential of the laser alone.
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Throughout the past decade, continuing developments
in high-intensity, short-pulse laser technology have
stimulated significant interest in electron acceleration
using laser-produced plasmas. This is important for ap-
plications such as compact particle accelerators [1,2] and
fast ignition for inertial confinement fusion [3]. In addi-
tion, ions can be accelerated by the strong space charge
field generated by the transverse ponderomotive force of
the laser which expels electrons from the region where the
laser beam is intense [4,5]. Study of the ion dynamics is
important as it can supply valuable information of the
fundamental physics of the interaction of a high-intensity
laser with underdense plasma, such as self-focusing and
channelling due to relativistic and charge displacement
effects [6–9]. It is also directly related to the observations
of anomalously high yields of neutrons resulting from hot
channel formation [10,11]. The maximum ion energy that
can be produced by this process is roughly equal to the
ponderomotive energy. Krushelnick et al. [4] have ob-
served helium ions with peak energies of 3.6 MeV, deu-
terons up to 1 MeVand neon ions with energy greater than
6 MeV. From the maximum ion energy measurements, it
was inferred that the peak laser intensity in the experi-
ments was a few times the focused intensity in vacuum
due to self-focusing of the high-intensity laser in plasma.

This Letter presents measurements of energetic ions
accelerated during the interaction of a 0.25 PW laser with
a gas-jet plasma at electron densities up to 1:4�
1020 cm�3. Thus PL=Pc is greater than 2000, where PL
is the laser power and Pc is the critical power required for
relativistic self-focusing to dominate diffraction, which
is given by Pc � 17:4�nc=ne� GW, where ne is the plasma
density and nc is the critical density. The vacuum inten-
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sity of the laser was up to 3� 1020 W=cm2, which corre-
sponds to a normalized vector potential a0 � eE=
mc!0 � 15. Helium ions with energy up to 13:2�
1:0 MeV are measured in a direction of 100� from the
laser axis. A strong correlation is observed between the
maximum ion energy and the initial plasma density. The
ion energy spectrum at high density shows a well defined
plateau structure. Particle-in-cell (PIC) simulations indi-
cate that the plateau is produced by the interaction of
multiple radial electrostatic shocks produced by the trans-
verse ponderomotive force, which act as an additional
acceleration mechanism.

The experiments were performed using the VULCAN
Petawatt laser beam line at the Rutherford Appleton
Laboratory. For these investigations, the laser produced
pulses with an energy up to 180 J in a duration of 0.5–
0.7 ps at a wavelength of 1:054 �m. The laser pulse was
focused onto the edge of a supersonic gas jet (2 mm
nozzle diameter) using an f=3 off-axis parabolic mirror
to a focal spot size of 10 �m in vacuum. When helium
was used as the working gas, the backing pressure in the
gas nozzle was varied to give a plasma density between
�0:04–1:4� � 1020 cm�3. The electron density during the
interaction was obtained by measuring the plasma fre-
quency (!p) from simultaneous forward Raman scatter-
ing measurements. Deuterium gas was also used but at a
lower density.

The energy spectrum of the ions at 100� from the laser
propagation direction was measured with a Thomson
parabola ion spectrometer, which enables ions with dif-
ferent charge to mass ratio to be distinguished since they
produce unique parabolic trajectories at the detector
plane. The spectrometer was positioned 80 cm from the
2004 The American Physical Society 155003-1
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interaction region. A 250 �m diameter pinhole served as
the entrance to the spectrometer, subtending a solid angle
of 7:67� 10�8 steradians. The ions were recorded on a
1 mm thick piece of CR39 nuclear track detector.

The angular distribution of the ions was measured with
a stack of several layers of radiochromic film (RCF) strips
parallel to the direction of laser propagation placed at a
distance of 6 cm radially from the interaction region. The
angular distribution of ions in different energy ranges
was determined through the use of aluminum filters of
various thickness in front of the RCF.

Typical helium ion spectra at a high and a low plasma
density are shown in Fig. 1. The spectra show two main
characteristics: i) the maximum ion energy and the num-
ber of energetic ions are higher at high density; ii) at high
density, a plateau is observed at high energy. In the high
density case shown in Fig. 1(a), both He2	 and He1	 ions
have been accelerated to high energy, the maximum en-
ergy for He2	 being 13:2� 1:0 MeV. The total number of
He2	 ions with energy greater than 680 keV is 3:8� 1011.
It should be noted that there is a reduction in the number
of He2	 at energy less than 1 MeV, despite the ion energy
being well above the detection threshold of CR39. This is
due to the strong charge-exchange/recombination of ions
with the surrounding background neutral gas as they
move out of the interaction region. Since the cross section
for charge exchange is greater at lower E (� / 1=E3), less
energetic He2	 ions are more likely to recombine while
passing through the neutral gas. This is confirmed by the
large number of He1	 ions observed, despite the laser
intensity being much greater than the threshold for full
ionization of helium over nearly the whole extent of the
laser focal volume in the gas jet. At low density
[Fig. 1(b)], both the number of ions accelerated and the
maximum energy are greatly reduced, even though the
laser energy on this shot was marginally greater than that
for Fig. 1(a). The maximum ion energy drops to 2.3 MeV
and the total number of He2	 ions with energy greater
than 590� 20 keV is reduced to 7:4� 1010. At even
lower density, i.e., below 4� 1018 cm�3, no energetic
helium ions (greater than 100 keV=nucleon—the detec-
tor threshold) were observed.
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FIG. 1. Energy spectra of helium ions for (a) high density,
1:4� 1020 cm�3, and (b) low density, 1:7� 1019 cm�3.

155003-2
The He2	 ion spectrum exhibits a plateau in the energy
range between 6–10 MeV and has a cutoff at the maxi-
mum ion energy recorded on the detector. The plateau
structure is a characteristic of the acceleration due to laser
driven laminar shock waves [12].

Figure 2 shows a plot of maximum ion energy per
nucleon against plasma density. The power law fit (Emax /
n0:70�0:05
e ) suggests a much stronger correlation of ion

acceleration with plasma density compared to that found
at lower power laser underdense-plasma interaction
(Emax / n0:125e ) [5].

Figure 3 shows the ion angular emission distributions at
low and high density. The ion emission at low density
(1:0� 1019 cm�3) is predominantly at 90�. For energies
greater than 2 MeV, there is a narrow lobe with an angular
spread of less than 4� (FWHM). At higher plasma den-
sity, the angular spread is much greater. Even the high
energy component (E> 3:5 MeV), which has a less broad
angular emission, has an angular spread of 27�, and is
preferentially emitted in the forward direction. Consid-
ering the viewing angle of the Thomson parabola (100�

from the laser axis), it is likely that the maximum ion
energy recorded in the detector is less than that produced
during the interaction.

A series of two spatial but three momentum and field
dimensions (2D3V) particle-in-cell simulations using the
code OSIRIS [13] were performed. In the first set of simu-
lations, the laser intensity was fixed at I � 3�
1020 Wcm�2 (a0 � 15). The density profile of the fully
ionized helium plasma had a ramp with a distance of
0.6 mm to various peak values (0:01nc , 0:05nc, and
0:14nc) which lasted 0.5 mm, and then ramped down to
0 in the last 0.6 mm. A linearly polarized laser beam with
a Gaussian profile of duration 0.65 ps (FWHM) and a spot
size of 20 �m (FWHM) diameter was focused onto the
front edge of the plasma. This corresponds to a laser
power of 1 PW. A moving window with size 839 �m
(15928 grids) by 105 �m (1392 grids) in longitudinal (x)
and transverse (y) directions, was used. There were two
electrons and two ions per cell. Simulations with a laser
power of 250 TW were also performed with all other
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FIG. 2. Maximum ion energy (MeV per nucleon) as a func-
tion of plasma density.
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FIG. 3 (color online). Angular distribution of energetic he-
lium ions. (a) Ions with energy greater than 3.5 MeV at high
density 1:4� 1020 cm�3, (b) ions with energy greater than
2 MeV at low density 1� 1019 cm�3, (c) ion phase space py

vs px plot during the shock interaction at � � 2:5 ps in the high
density (1:4� 1020 cm�3) simulation and (d) for the low den-
sity simulation at the same time. The layout of the ion diag-
nostics is also shown.

VOLUME 93, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S week ending
8 OCTOBER 2004
parameters similar to the first set. In the latter case, the
peak intensity was about �8� 1019 Wcm�2, a0 � 8.

The laser beam was observed to undergo significant
self-focusing in all the simulations. The minimum width
of the laser beam, due to self-focusing, was about 4 �m
at 0:14nc and 8 �m at 0:01nc with a0 � 30 and 23,
respectively. The laser intensities were found to be en-
hanced by a factor of 4 at high density for both the
250 TW and 1 PW cases. Propagation instabilities, i.e.,
filamentation and beam hosing, occurred at later times.

Simulated helium ion energy spectra, which were
taken at 90� with 2� acceptance angle, are presented in
Fig. 4 for different densities at the same time, � � 5 ps,
i.e., after the laser had propagated a distance of 1.5 mm.
The spectra do not evolve significantly afterwards. The
ion spectra show the same characteristics as the experi-
mental data. The simulated maximum ion energy in the
low density case is approximately equal to the pondero-
motive energy, U�Zmec

2���1�, where ���1	a2=2�2

is the relativistic factor of plasma electrons in the laser
field. For a0 � 23, U is about 15.6 MeV, c.f. the peak ion
energy (12.5 MeV). At high density, the peak ion energy,
�46 MeV at 1 PW and �20 MeV at 250 TW, is about 2
times the enhanced peak ponderomotive energy due to
self-focusing. The simulations at high density reproduce
the plateau structure in the ion energy spectra in both the
1 PW and 250 TW cases. The plateau is much more
pronounced in the high power case. The peak ion energy
in the simulations is higher than that observed in the
experiments. As mentioned earlier, this is likely due to
the viewing angle of our diagnostic as well as the slab
geometry used in the simulations. When compared with
the emission angle corresponding to that of the diagnos-
155003-3
tic, the peak energy in experiment and simulation are
approximately in agreement.

From the ion momentum py vs px plots as shown in
Fig. 3(c) and 3(d), it was found that ions were predomi-
nantly emitted at 90� at low density with very narrow
angular spread, while, at high density, the most energetic
ions were preferentially accelerated slightly forward at
90� with a much broader angular distribution as in the
experiments, but different from previous measurements
[4]. The peak ion energy increases with plasma density as
Emax / n0:63e , which is again in agreement with the ex-
periment. The enhancement of the ion acceleration and
much broader angular emission at high density are ob-
served to be due to collisonless shock acceleration ob-
served in previous simulations [14,15].

Indeed, in the high density simulations, there are mul-
tiple electrostatic shock waves driven out radially as
shown in Fig. 5. In the 250 TW simulation, where 5(a)
and 5(c) show the ion phase space plot in y vs x and py vs
x, the interactions of shocks driven by the filamented laser
beam leads to the enhanced acceleration of ions. This
phenomenon is much clearer in the 1 PW simulation in
5(b) and 5(d), where there are two distinct shocks appear-
ing immediately after the laser beam self-focuses.
Eventually a channel forms (70% density depletion)
which has two discontinuous boundaries. The density
compression in the shocks is 2–3 times the background
density and the full width of the shocks is a few times
c=!p (the collisionless skin depth). The second (faster)
shock with vs2 � 0:06c catches up and interacts with the
first one (vs1 � 0:03c). The merged shock has a width
greater than 10c=!p. Studying the radial momentum of
the ions as a function of radial distance shows that the
ions are accelerated by the interaction of the collisionless
shocks.

The phase space structure in py vs y is identical to the
structure observed in the numerical piston driven electro-
static shocks [14,16–18]: the ions reflected off the shock
provide the dissipation for shock formation, while the
155003-3
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FIG. 5 (color). The ion phase space plots y vs x (a), py vs x (c) at � � 3:1 ps in the 250 TW case and y vs x (b), py vs x (d) at
� � 2:3 ps in the 1 PW case from the interactions with high density plasma. Ion expulsion from the multishock interaction region is
clearly shown.
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ions trapped behind the shock front dissipate the wavelike
structure that forms behind the shock. Large populations
of ions are seen to be accelerated to higher energies
especially during the merging of the multiple shocks.
This is shown most clearly by an abrupt increase in the
radial momentum of the ions at radial displacements well
beyond the laser beam radius and thus beyond the influ-
ence of its ponderomotive force. This acceleration process
contributes to the formation of the plateau in the ion
energy spectrum, as has been similarly observed in other
simulations at above critical density [12]. The strong
dependence of the ion acceleration on plasma density
can be explained by the additional shock acceleration in
high density, while such mechanism does not occur in
low density. The propagation angle of the second shock is
often just forward of 90�, and may explain the preference
of ions to be accelerated slightly in the forward direction.
However, 2D simulations are likely to underestimate the
influence of self-focusing, which may explain why the
measured angle shift is less in simulations than in the
experiment. Also, due to the degree of self-focusing, the
peak intensity would be higher in 3D simulations.
Therefore, the 2D PW simulations may better describe
our 250 TW experiment. A full 3D simulation is still
beyond the capability of present supercomputers.

In conclusion, measurements of energetic ions pro-
duced from the interaction of a short laser pulse with an
underdense plasma with PL � Pc have been performed.
A strong correlation between maximum ion energy and
plasma density is evident. The observation shows that
higher plasma density leads to more efficient ion accel-
eration. In particular, ion acceleration due to the pondero-
motive expulsion of plasma is found to be enhanced by
collisionless shock acceleration. The results reported here
are the first experimental evidence of such acceleration in
a laser plasma interaction. These results may have signifi-
cance in the recent observation of anomalously high
fusion yields in underdense laser-deuterium plasma inter-
155003-4
action [11]. Furthermore, particle acceleration due to the
interaction of shocks is of great importance in space and
astrophysics, and consequently such interactions offer the
possibility of further studying these complex processes in
the laboratory.
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