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The acceleration of ions in collisionless electrostatic shocks and solitary waves, driven by ultrashort intense
laser pulses in a thin solid target under different conditions, is investigated theoretically. When a shock is
formed, ions with certain initial velocities inside the target can be accelerated by the electrostatic field at the
shock front to twice the shock speed. When a solitary wave is formed, only ions located at the rear surface of
the target can be accelerated by the solitary wave together with the sheath field formed there.
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The generation of high-flux energetic ion beams with
short intense laser pulses has been a subject attracting wide
attentions in recent years. Such beams may find applications
in the fast ignition of fusion targets �1�, radiography �2�,
medical applications �3�, compact particle accelerators �4–6�,
etc. Energetic ions from laser-plasma interactions are usually
accelerated by quasistatic electric fields due to space charge
separation, which are induced at the front of the target when
the laser ponderomotive force pushes electrons forward and
backward at the interacting region �6,7�. The quasistatic elec-
tric fields also exist in the rear sheath due to different tem-
peratures between electrons and ions �4�.

It is shown that ions located deep in plasmas can also be
accelerated by electrostatic shock waves. The formation of
collisionless electrostatic shocks �CESs� and their capabili-
ties of accelerating ions were studied both theoretically and
experimentally in plasma stream collisions or intense laser-
plasma interactions �8–15�. For example, Sliva et al. found
from particle-in-cell �PIC� simulations that the shock wave
acceleration of ions can even dominate the sheath accelera-
tion in the target rear when the target thickness is under a
certain threshold determined by the intensity of the incident
laser pulses �11�.

In this Rapid Communication, we report our studies on
the formation of the CESs by PIC simulations under various
conditions. The circulation of hot electrons between the front
and the rear surfaces of the target was considered to explain
the dependence of the shock speed on target thickness. Soli-
tary waves can also be produced under different conditions.
Even though ions can be accelerated by both kinds of waves,
the involved acceleration processes are different.

We have used both one-dimensional �1D� and two-
dimensional �2D� PIC simulations �16� to study the shocks
and the solitary waves in overdense plasma foils with various
thicknesses of L, placed in the middle of the simulation
boxes with a vacuum space of 7 �m at the left side. Circu-
larly or linearly s-polarized laser pulses are incident from the
left boundary with a sine-squared temporal profile at differ-
ent durations �. The laser wavelength is �0=1 �m. We have
adopted different plasma densities, target thicknesses, and
incident laser intensities represented by the dimensionless
variable a0

2= I�0
2 / �1.37�1018 W cm−2 �m2�. The ions are set

as protons with the mass mi=1836me in all simulations. For
the 2D case, the simulation box is set as 16�15 �m2. In the
transverse y direction, laser beams have Gaussian intensity
distributions with the diameter of 5 �m.

Figure 1�a� plots a typical ion distribution in the longitu-
dinal phase space when a CES is formed. In this 2D simula-
tion, a0=5, n0=20nc, and L=1.5�0. The pulse duration is 200
laser periods �0. The shock front locates at x=7.5�0 at
t=30�0, which moves at a speed of about us=0.03c. Some
ions are trapped and reflected at twice of the shock speed,
which plays the role of the dissipation in the formation of the
shock wave. The ion reflection is an indication of the shock
formation. We have followed the trajectory of a test ion
trapped and accelerated by the shock wave. This ion locates
initially at x=7.58�0. When the shock front arrives, it is
trapped and accelerated quickly to 0.06c as represented by
open circles in Fig. 1�a�. Then this ion moves forward with
the same speed until it arrives at the rear of the target, where
it is accelerated again in the sheath field. As a comparison,
Fig. 1�b� plots the ion phase space obtained in another 2D
simulation with the electron density decreased to 10nc and
other parameters the same as in Fig. 1�a�. A solitary wave
forms rather than a shock. The main difference between Figs.
1�a� and 1�b� is that, in Fig. 1�b�, there is no ion trapping and
reflection at the wave front. For example, a test ion located
initially at x=7.59�0 is pushed to 0.04c at t=30�0 as repre-
sented by open squares; but later it loses most of its momen-
tum although it is displaced by 0.5 �m.

Simulations indicate that the plasma foil thickness and the
initial target density have significant effects on the shock
characteristics, since both of them affect the absorption of
the incident laser pulse and the electron temperature. Figure
1�c� plots the mach number and the initial shock speed ver-
sus target thicknesses with different laser intensities and po-
larizations applied. The symbols of pluses and crosses repre-
sent the initial shock speeds from 1D PIC simulations with
circularly polarized laser pulses of a0=16 and 5, and
n0=10nc and 20nc, respectively. It is noted that the shock
speed decreases rapidly when the target thickness increases
until about 5�0, and then it changes slowly with the further
increase of the target thickness. This trend can be explained
by the momentum-conservation model taking into account
the motion of hot electrons circulating between the front and
the rear surface of the target. According to Denavit’s model
�17�, we have mivp

2ni,ef f = I�1+�� /c, where the original ion*zmsheng@aphy.iphy.ac.cn
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density ni is replaced by ni,ef f =ni�1− lp /L exp�−�L /Lc�q�� be-
cause the energetic electrons can circulate back to the target
front and not all ions are pushed forward and accelerated
along with the intense laser pulse. The exponential factor
exp�−�L /Lc�q� is used to take into consideration the effects of
the target thickness on the number of the electrons returning
from the rear back to the front. Then the initial shock speed
is defined as vp=��1+��I / �mini,ef fc� and Lc=c� /2 is the
critical target thickness for the accelerated electron to finish
one cycle between the front and the rear. The laser sweeping
length can be estimated by the local plasma Debye length,
that is lp��D=2�vth /�p�x�� �2�c /�0���osnc /n0 �18�. In

the calculation, we simply take q=10, assuming that no elec-
trons circulate back when L	Lc. The dash-dot line and the
solid line in Fig. 1�c� show the above two series of results
calculated with the absorption ratio between 15% and 20%
based upon the 1D PIC simulations. A quantitative agree-
ment is found between the modified model and the numerical
simulations. It is also noted that the effects of multidimen-
sions and laser polarizations may play important roles in
determining the shock speeds. In Fig. 1�c�, the stars and the
closed squares represent results from 2D PIC simulations
with circularly and linearly polarized laser pulses, respec-
tively, at a0=5 and n0=20nc. Both the two series of 2D re-
sults indicate a higher shock speed than the 1D case due to
the side effect of electron compensation in the 2D geometry.
Note that the shock speed in the circular polarization case is
roughly �2 times that in the linear case, which agrees with
the difference of the light momentum transfer in the two
cases with the same a0.

The Mach number of the shock waves is also studied with
the heated plasma treated as a two-temperature fluid. Then
the effective temperature is Tef f =ThTl / ��Th+
Tl�, where 

= lp /L, �=L− lp /L, Th is the hot electron temperature and
equal to the ponderomotive potential �p=mec

2��a2+1−1�,
and Tl is the cold temperature roughly set as one-tenth of Th.
The acoustic wave of such a plasma can then be written as
cs=�ZKBTef f /mi. The Mach number M =vp /cs versus the tar-
get thickness is given in Fig. 1�c� as the dashed line, which
shows a rapid decrease and then a slow increase with in-
creasing target thickness. It is worthy to point out that al-
though the presented results from the PIC simulations and
the analytical model show qualitative agreement with the 1D
PIC simulations by Silva et al., our result does not show
apparent dependence on the critical target length Lc as im-
plied by Fig. 2 in Ref. �11�. In that work, for the used laser
pulse of �laser=100 fs, the shock speed and the Mach number
change their trend versus the target thickness at L=Lc
=15 �m.

Figures 2 and 3 show the detailed acceleration process of
ions in shocks and solitary waves. Figure 2�a� shows the ion
density distribution at t=40�0 in the coordinate space with
simulation parameters the same as in Fig. 1�a�. At the first
stage, the laser pulse compresses the thin layer target at the
front surface and drives it forward with a speed of vp. The
space-time evolution of the plasma density and the incident
laser field at position y=7.5�0 is shown in Fig. 2�b�, where
the contour is the plot of the ion density at ni=45nc. One can
see that the shock front slowly separates from the laser field,
which propagates forward even without the further push of
the laser ponderomotive force. This differs from the ion ac-
celeration in the radiation-pressure dominated regime �10�.
The peaks of the ion and electron densities overlap with each
other as shown in Fig. 2�c�. This distinguishes the shock
acceleration process from the ion acceleration at the target
front, where the charge separation field is formed due to the
laser push of the front electron layer �6,19�. In the situations
of shock acceleration, bipolar charge separation fields are
produced in the Debye sheath of the compressed plasma
layer because of different electron and ion temperatures of
the compressed plasma layer. A bunch of ions accelerated
can be seen clearly in Fig. 2�d�.

FIG. 1. �Color online� Snapshots showing the distribution of
ions in the longitudinal phase space px at t=30�0 and 40�0. �a� The
case when a shock wave is formed for a0=5, n0=20nc, and
L=1.5�0. A test ion located initially near x=7.58�0 �marked by
arrows� is accelerated by the shock wave as marked by the open
circles for different time. �b� The case when a solitary wave is
formed for a0=5, n0=10nc, and L=1.5�0. A test ion marked by
open squares is not accelerated efficiently by the solitary wave. Plot
�c� shows the initial shock speed and the Mach number versus target
thicknesses, where line I represents the calculated Mach number;
lines II and III are the shock speeds from 1D PIC simulations and
model calculation, respectively, for a circularly polarized laser pulse
of a0=5 and plasma density n0=20nc; lines IV and V are similar to
lines II and III, respectively, but with a0=16 and n0=10nc; and lines
VI and VII are shock speeds found by 2D PIC simulations with
circular and linear polarized laser pulses, respectively, at a0=5 and
n0=20nc.
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Ion dynamics in the shock is then determined by the bi-
polar electric field. Figure 3�a� plots the longitudinal electric
field Ex experienced by a test ion and its longitudinal mo-
mentum px versus time. The initial position of the test ion is
x=7.58�0, which is inside the plasma and the laser field can-
not penetrate there. The ion experiences a large electrostatic

field between t=29�0 and 43�0, during which the ion is re-
flected and divorced from the shock front, and obtains a
speed of 2us=0.0623c. After 62�0 when the shock-
accelerated ion arrives at the target rear, the ion speed as-
cends again due to the sheath acceleration, as also indicated
by the experienced electric field shown in the same plot. The
energy distribution of the accelerated ions is given by Fig.
3�b�. The ions accelerated by the sheath field show a wide
energy spread �20�, while the ion spectra accelerated by
shocks, superimposed upon the previous one, have a rela-
tively small energy spread. The latter is broadened after the
shock propagates over a longer distance in the target due to
the shock energy dissipation and shock speed decreasing.

However, simulation results indicate that not all the ions
located in the path of the shocks can be accelerated. One may
have noted that there is a dip on the top of the experienced
electric field in Fig. 3�a�. This is because the monitored ion
passed twice the peak of the positive electric part. If the ion
speed in the forward direction is still smaller than the shock
speed after the acceleration in the positive shock field, it will
fall into the negative part of the shock electric field, and
loses its energy obtained before. This ion is not trapped and
accelerated by the shock finally. For ions to be reflected, their
initial speed u in the shock wave frame should satisfy
1
2miu

2��, where �=eE�D is the potential corresponding to
the positive part of the shock electric field, E=kBTe /e�D is
the electric field strength within Debye length �D, and kB is
the Boltzmann constant. The above equation leads to
u	−�2kBTe /mi, which is u	−0.001c for simulation param-
eters applied. This is verified in our simulation when check-
ing hundreds of ions accelerated by shocks.

As a comparison, we examine the ion acceleration by the
solitary wave. We found that only ions located at the target
rear can be accelerated by the solitary wave combined with
the sheath-field. Figure 3�c� shows the evolution of px of a
test ion initially located in the middle of the plasma foil and
the experienced Ex as shown by open squares in Fig. 1�b�.
This ion experiences a sine-like field, thus its velocity as-
cends first and then descends afterwards. If there is no other
acceleration mechanisms, the ion will finally keep its energy
similar to the original one although it may be displaced from
its original position. When following a large number of ions
located in the middle of plasma foils, we find that all of them
have similar behavior in the solitary wave and they obtain no
net energy. To obtain net energy, ions accelerated by the
positive part of the electric field have to be extracted out of
the solitary wave immediately after its acceleration process.
This occurs for ions initially located at the target rear, where
the solitary wave dissipates abruptly. The evolution of px and
the experienced Ex for such a kind of ions is presented in Fig.
3�d�. The ion is initially located 0.058 �m from the target
rear surface. It is accelerated first by the sheath field while
the plasma expands. The solitary wave formed at the front
surface propagates at a high velocity through the plasma,
catches the preaccelerated ions and accelerates them to a
higher energy.

The temporal and spatial evolution of the electric field
structure of the shock and the solitary waves cut at
y=7.5�0 are plotted in Fig. 4. In the case with shock forma-
tion shown in Fig. 4�a�, the shock is found to propagate

FIG. 2. �Color online� �a� Snapshot of the ion density in 2D
space at t=40�0. �b� The space-time evolution of the laser fields
�Ez�. The ion density contour lines of 45nc are also overplotted. �c�
The longitudinal density distributions of the ions and electrons, and
the longitudinal electric field on the laser axis at t=30�0. �d� The
space-time evolution of the ion density distribution on the laser
axis. The used parameters are the same as in Fig. 1�a�.
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FIG. 3. �Color online� �a� The longitudinal field �Ex� experi-
enced by an accelerated ion and its longitudinal momentum �px�
�dashed line� as functions of time. �b� The ion energetic spectra
accelerated by the shock wave and the sheath field, and their
summed spectrum. The simulation parameters for �a� and �b� are the
same as in Fig. 1�a�. �c� The Ex experienced by an ion located
initially inside plasma and its px �dashed line� as functions of time.
�d� The Ex experienced by an ion located initially at the rear side
and its px �dashed line� as functions of time. The simulation param-
eters for �c� and �d� are the same as in Fig. 1�b�.
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almost with a constant speed until it reaches the rear surface
of the target. In the case with the solitary wave formation
shown in Fig. 4�b�, the wave speed tends to increase slightly
with time. The trajectories of some test ions are also plotted

in Fig. 4 to show the combined acceleration by the shock or
solitary waves and the sheath field. Curve II in Fig. 4�a�
represents the trajectory of an ion accelerated by the shock
wave. Curve IV in Fig. 4�b� is an example of ions first ac-
celerated in the sheath field, and then further accelerated by
the solitary wave arriving at the rear surface of the target.

In summary, a parametric study was performed with PIC
simulations about the formation of the shock wave and soli-
tary wave driven by short intense laser pulses. A model based
on the momentum conservation was invoked to explain the
dependence of shock speed on the target thickness by includ-
ing the effects of the hot electron circulation between the
front and rear sides. When a shock wave is formed, the ac-
celerated ion energy spectrum shows a quasimonoenergetic
peak, which is superimposed upon that produced by the
sheath field. We also found that the solitary wave can accel-
erate ions only located at the rear surface of the target. The
ion bunches produced by the shock wave have both narrow
energy spread and ultrashort pulse durations, which may be
suitable for some applications such as proton beam radiog-
raphy and an injector of ion accelerators.
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FIG. 4. �Color online� �a� The space-time evolution of the lon-
gitudinal electrostatic field �Ex� along the laser axis. Two ion tra-
jectories are also overplotted with one �marked II� accelerated by
the shock wave and another �marked I� not accelerated. The simu-
lation parameters are the same as in Fig. 1�a�. �b� The space-time
evolution of Ex along the laser axis. Two ion trajectories are shown
with one �marked IV� accelerated by the solitary wave together with
the sheath field, and another �marked III� not accelerated. The simu-
lation parameters are the same as in Fig. 1�b�. The dashed lines are
the initial boundaries of the plasma targets.
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