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Abstract

Analysis and simulations of fast particles produced by a high-intensity short laser pulse interacting with a foil target are
performed. Initially, the plasma density distribution of the foil target has a smooth gradient with the scale length of
plasma density varying across it. The absorbed laser energy is transferred to fast electrons, which penetrate in the foil and
are partially ejected from the foil rear. These electrons produce an electric field that causes an ion beam to be emitted
from the foil. We analyze the mechanism of ion acceleration in the foil plasma and the influence of the density gradient
and other laser and plasma parameters on ion acceleration. The angular distributions of the ejected electrons and ions are
calculated.
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1. INTRODUCTION

Fast particles generated by laser–plasma interactions can be
used in many applications, from manufacturing to medicine
and even for the initiation of table-top nuclear reactions.
Fast ion generation by the interaction of an ultrashort high-
intensity laser pulse with a plasma has been demonstrated in
recent theoretical papers~Wilks, 1993;Andreev & Platonov,
2000; Sentokuet al., 2000; Zhidkovet al., 2000; Pukhov,
2001! and experimental papers~Fewset al., 1994; Clark
et al., 2000; Cowanet al., 2000; Hatchettet al., 2000;
Maksimchuket al., 2000; Snavelyet al., 2000; Tanakaet al.,
2000!, with maximum ion energies of up to 0.5 GeV having
been observed. Different methods of fast ion generation
have been proposed for both gas~Sarkisovet al., 1999! and
solid ~Wilks et al., 2001! targets. It has been shown that the
energy of a laser pulse can be efficiently converted into fast
ion energy using foil targets. Simulations~Wilks, 1993;
Sentokuet al., 2000; Zhidkovet al., 2000; Pukhov, 2001!
have shown that the mechanisms for generating ion accel-
eration are the ambipolar field and the Coulomb explosion.
It has also been shown that fast electrons ejected from the
foil by the laser field create a strong ambipolar field, which

is the main source of acceleration of ions ejected from the
back of the foil. Thus, a collimated ion beam can be pro-
duced by focusing an intense laser onto the surface of a solid
film. Fast ions accelerate normally to the foil surface because
this is the direction of the ambipolar field. It is clear that
these ions could be focused by a curve of some sort in the
foil surface.

In this article, we attempt to develop an analytical model
to analyze the mechanisms of ion acceleration in plasma
layers with smooth density gradients, including the forces at
work after the ions are ejected from the back of the foil.
Based on this model and two-dimensional~2D! particle-in-
cell ~PIC! simulations, energy and angular distributions of
the ejected ions are calculated.

2. PIC SIMULATIONS

We apply a PIC method to simulate the interaction of a
plasma layer with an intense ultrashort laser pulse. The
method is based on the electromagnetic PIC and is appro-
priate for analysis of the dynamics of overdense plasmas
created by arbitrarily polarized, obliquely incident laser
pulses. The 2D~using a Cartesian coordinate system! rela-
tivistic, electromagnetic code~Satouet al., 2001! is used to
calculate the interaction of an intense laser pulse with an
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overdense plasma. Calculations with ion mobility allowed
were carried out for a plasma with the initial density profile
shown in Figure 1. Simulations were performed for laser
wavelengths ofl 5 1 mm and laser intensitiesIL $ 1019

W0cm2. The laser pulse was linearly polarized, normally
incident, and the intensity distribution was Gaussian in
shape and time with the duration oftL 5 40 fs. The time step
is chosen to be 0.030vL, wherevL is the laser frequency, and
the mesh size is chosen to be 0.03c0vL. The number of
x-axis grid points is 104 and the maximum electron density
isnemax54nc, wherenc is the critical density. The size of the
simulation region is 50mm 3 70 mm and the number of
electrons;107 ~the same for ions!. Initial electron tem-
perature is 1 keV and ion temperature is 800 eV. Thick-
ness of the plasma layerl p ~foil thickness! varied from
1 mm to several microns. Plasma density gradientL varied
from 0.1 mm to several microns. The plasma layer was
initially localized in some runs at 220# vLx0c # 238 ~see
Fig. 1!. For simplicity, uniformity in thez-direction is assumed.
The relativistic equations of motion and Maxwell’s equa-
tions are solved for the componentsx, y, px, py, pz, andEx,
Ey, andBz:

]pj

]t
5 qjSE 1

v

c
3 BD,pj 5 gj mj v,

]E

]t
5 24pj j 1 c¹ 3 B,

]E

]t
5 2c¹ 3 E.

Hereqj , mj , andgj indicate the charge and the mass of a
particle and the Lorentz factor, respectively, andj j is the
current density. PIC simulation results are shown in Fig-
ures 2–7 and will be discussed below together with the
analytical model.

3. FAST ELECTRON GENERATION

Ion acceleration depends critically on the efficiency of the
transfer of laser energy into high-energy electrons, because
these electrons are the source of the requisite strong electro-

static fields. Numerical simulations show that for the inten-
sity IL ;1019 W0cm2 and for a short~40 fs! laser pulse, the
absorption coefficient is independent of the angle of inci-
dence, with the absorption of about 14% when no prepulse is
used~see Fig. 2!. Close absolute values of the absorption
coefficient~10%! and a dependence of the absorption coef-
ficient on the plasma gradientL similar to Figure 2 were
obtained by Lefebvre and Bonnaud~1997! for a 130-fs pulse
duration and 4{1019 W0cm2 intensity. An immobile ion
approximation was assumed in this paper in contrast to our
model. A small difference in results means that the ion
movement for such a laser pulse and intensity is insignifi-

Fig. 1. Target density profile and target position in the simulation area.
The plasma layer is initially localized at 220, vLx0c , 238 inside the
simulation box of size 0, vLx0c # 450; 0# vL y0c # 315.

Fig. 2. Electron and ion energies and the absorption coefficient depen-
dence on the normalized plasma density gradientvLL0c at vL t 5 133.
Maximum electron densityne5 4nc, the plasma slab length is 2mm,Z51.
The laser beam radiusR 5 2mm, tL 5 40 fs is the pulse duration, the
intensity IL 5 1020 W0cm2 for electron and ion energies, andIL 5 1019

W0cm2 for the absorption coefficient.

Fig. 3. Electron distribution function atvL t 5 500. The laser beam and
plasma parameters are the same as in Figure 2.
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cant and has no influence on the absorption. For a bigger
laser intensity of 1020 W0cm2 the absorption coefficient,
according to our simulations~Andreevet al., 2003!, increases
up to 30%, which means a significant influence of ion
movement on absorption at higher intensity even for a very
short pulse duration.

We estimate the number of fast electrons accelerated by
the laser pulse to beNeh5Ke~IL!«L0«eh, where«L is the laser
pulse energy,Ke~IL! is the transformation coefficient of
laser energy into fast electron energy, and«eh is the average
energy of the fast electrons. It has been shown~Key et al.,
1998! that in the range 1018–1020 W0cm2, Ke~IL! increases
linearly from 0.03 up to the plasma absorption coefficienth
for subpicosecond laser pulses. For laser intensities of more
than 1019 W0cm2, Ke~IL! ' h. This means that initially all of
the laser energy absorbed by the plasma is assumed to be
transferred to high-energy electrons and then fast electrons
transfer energy to fast ions and other loss channels. The
analytical scaling from Andreevet al. ~2003! of average
h~L, IL! is close to the PIC simulation data:

h~L, I ! 5 0.051 ~0.11 0.01L! I180~151 I18!0.8, ~1!

whereI18 is the laser intensity in units 1018 W0cm2 andL 5
Lv0c. Formula ~1! is correct at a laser intensity interval
1018–1020 W0cm2. Let us mark that the PIC simulation gives
a local maximum ofh~L! dependence, shown in Figure 2,
but analytical scaling~1! gives only the average value of the
absorption coefficient and therefore shows a smooth increase
with L. This maximum is connected with the resonance
ponderomotive absorption~Andreevet al., 2003!.

The average energy of the fast electrons is then calculated
from the ponderomotive potential~Wilks et al., 2001!:

«eh ' mec2~M11 I18~lL 01.2mm!2 2 1!. ~2!

As an example, for the laser intensityIL 51020 W0cm2, the
average fast electron energy~2! is «eh; 4.3 MeV, and it is
close to the electron energy from Figure 2. The number of
fast electrons isNeh ; 2.23 1011Ke~IL! ' h ' 0.3 and the
laser beam radiusR5 2mm.

In underdense plasmas with a large scale of plasma inho-
mogeneityL, an additional electron acceleration occurs, giv-
ing electron energies approximately proportional toI18

302

~Maksimchuket al., 2002! and therefore a dependence of
electron energy on the laser intensity,«ch~I18!, sharper than
I18

102. For example, an experimentally observed relation-
ship of«eh~I18! ; I18

a , a 5 0.8 has been reported~Nemoto
et al., 2002!. In our case, the scale of plasma inhomogeneity
L is less than or of the order of the laser wavelength, and
Eq.~2! is valid as an estimate of the electron energy over the
range of laser intensities of 1018–1020 W0cm2.

We consider the propagation of laser-generated fast elec-
trons through the foil target in order to find its distribution
and the number that propagate from inside the target to the
vacuum at the target rear. The effects of surface curvature
and the modulation change the angular distribution of fast
electrons propagating inside the target. The effect of surface
curvature is important here because we consider a laser
beam of small radius,;2 mm. At the equilibrium where the
ponderomotive pressure and the ambipolar field balance
each other, the electron density is

Fig. 4. Spatial distribution of the ion density at both sides of the foil target
at timevL0t 5 333. The laser and plasma parameters are the same as in
Figure 2. The plasma density gradient lengthL 5 1 mm.

Fig. 5. a: Ion distribution in the velocity phase space atvL t 5 166. The
laser beam parameters and target parameters are the same as in Figure 2. b:
The same as in a, but atvL t 5 333.
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ne ' Zni 1
mc2

4pe2 DM11 aL
2, ~3!

whereni ~x! is ion density,D 5 ]20]x2 1 ]20]y2, andaL 5
eAI 0mc2 is the normalized vector potential of the laser
wave. A Gaussian~as in the 2D PIC simulation! dependence
of the laser beam intensity on the transverse coordinatey is
assumed, as is an exponential drop in the skin layerl s inside
the plasma:

AL~x, y! 5 A0 exp~2x0l s 2 y202R2!. ~4!

From~3! and~4! and by equatingne5nc, the critical density
surfacex5 x~ y! can be found. The derivative of this,dx0dy,
is then used to calculate the average angle between the
normal to this surface and the axisx:

^tanusf & '
c2MI18

vp
2Rls

. ~5!

This angle increases with the increasing laser intensity and
the gradient and with the decreasing spot sizeR. For the
laser parameters used in the simulations,~5! givesusf ; 68
~at vL l s02c ; 0.3!, which agrees well with the simulation
results. We should note that Eq.~5! gives only an averaged
estimate of the angle. The detail dependence ofusf on the
transverse coordinate is given in our paper~Andreevet al.,
2003!. Near the laser beam center, where the intensity has a
maximum and the electrons of a maximal energy are gener-
ated, the angle is less than 28 and only at a half beam radius
does this angle reach the estimate~5!. Let us mark that an
increase of the critical surface curvature stops at larger laser
intensities~or pulse durations! because of the instability
development, which perturbs the critical surface. The growth
rate estimate for this instability approximately corresponds
to 10~40 fs! at 1020 W0cm2.

An initial curvature of the target surface@ usf can then
compensate such a critical density surface curvature and
therefore the electron beam divergence.An additional diver-
gence of the fast electron bunchu0 is produced by the direct
interaction with the laser field. Electrons receive a pulse of
transverse momentum from the laser electric fieldE0 over a
time ta 5 l s0vx. Because the longitudinal electron velocity
vx ;c, ta ,, 10vL and the accelerating forceeE0~12yx0c!'
eE002ge

2, the angleu0 can be estimated as

u0 '
py

px

'
E0 l sc2

2ge
2«ehyx

2 'MI18Smc2

«eh
D3SvL ls

2c D. ~6!

Fig. 6. Dependence of the fast ion velocity rate~vy0vx! on the laser intensity atvL t5333. The upper curve is the PIC simulation result,
whereas the lower one is the result from Eq.~13!. Target parameters are the same as in Figure 2.

Fig. 7. Positions of 10 fast ions at timevL t 5 0 ~1!, vL t 5 300~x!, vL t 5
400~* !,vLt5600~▫!, ejected from the foil rear with differenty-coordinates.
Solid curves are the ion energy spatial distributions at the same moments.
The laser beam and plasma parameters are the same as in Figure 2.
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PIC simulation results of the electron distribution function
are shown in Figure 3 for the plasma density gradientL of
1 mm and the slab length of 2mm. For very fast electrons,
ge; 5, vL l s02c; 0.3 and therefore from Eq.~6!, u0 ; 58 as
in the simulations. The electrons of a smaller energy,ge;1,
have a wider angle distribution~see Fig. 3!. The simulation
also agrees with the analytic result of Eq.~6! that the fast
electron divergence decreases with the increasing laser inten-
sity, despite the fact that the angle~5! increases with the
intensity. This effect is described by our selection of a
maximal energy of electrons from the distribution function
in Figure 3. As we already mentioned above, such electrons
are generated near the beam center where the intensity has a
maximum. The critical surface has a minimal curvature at
this area~this surface approximately reproduces the trans-
verse profile of the laser beam!. Therefore the angles of
propagation of such fast electrons fall down with the laser
intensity. The total electron divergenceue5usf 1u0 does not
significantly increase with the propagation of the electron
jet through the foil, because the Coulomb binary scattering
angleusc is very small for the parameters used in the simu-
lations:nc 5 4nc, «ch ; 1 MeV, Lfoil ; 2 mm giveusc # 18,
which is not significant. The self-generated magnetic field
has more influence on the electron beam propagation. The
beam currentJeh5 eNeh0tL is much bigger than the Alfven
currentJA 5 mec30e. Therefore, the direct current produces
a return current to compensate its magnetic field. In a real
plasma with a finite conductivity, the magnetic field can be
as large as a few MG and the gyro-radius of a fast electron
can reach the foil thickness. The electron spatial distribution
in such a magnetic field looks like a ring. PIC simulations
~Pukhov, 2001; Cowanet al., 2002! reproduced such a ring
for a thick foil ~near 100mm!, but for our case of 2mm it is
a small effect. The plasma density filaments initially pro-
duced by the plasma surface modulation could be merged by
the self-generated magnetic field~Pukhov & Meyer-ter-
Vehn, 1997! and do not increase the electron bunch diver-
gence. In our simulations we did not get a large development
of such an instability.

The angular distribution of fast electrons ejected from the
skin layer has been simulated by Ruhl and Mulser~1995!
and is reproduced well byue~I18! calculated from Eqs.~5!
and~6!. For example, the angle of ejection of electron jets
from Ruhl and Mulser~1995! is 208 and from Eqs.~5! and
~6!, for the same parameters, is near 158.

The radius of the electron jet is approximatelyR11~u01
usf ! ; 2.5mm and length is approximatelyl ; ctL ;12 mm
for a 40-fs laser pulse. As the foil thickness is only 2mm, the
electrons are leaving the foil. The ejected electrons induce
an attracting, opposite charge at the surface of the foil and
partially come back to the foil.

The maximum distanceh from the foil that the electrons
can travel can be easily estimated by equating the electro-
static energy of the rear surface electronse2Neh

~1!202R ~here
Neh

~1! 5 pR2hneh! to the total energy of the same elec-
tronsNeh

~1! «eh giving

h ' «ehRctL 0e2Neh' 2 mm, ~7!

whereneh ' NehpR2ctL. The ejected electrons induce an
attracting, opposite charge at the surface of the foil. The
time for the electrons to fall back to the surface ist 5
mcgeR20eQ, whereQ ; R«eh0e, so that the length of the
propagation path of the electrons along the surface isctb ;
2R. This “fountain” effect produces a volume ring of
noncompensated electric charge at the foil surface with the
internal radiusR, the external radiusRext ; 2R, and the
heighth. The target surface inside the ring of radiusRhas a
positive charge of approximatelyQ 5 Neh

~1! e ~there areNch
~1!

electrons in a circle of radius; R, and anotherNeh
~2! in the

outside ring; see Fig. 8!. This nonequilibrium condition
continues for some period of time after the laser pulse has
terminated, allowing outside thermal electrons to balance
the electric charge. The electron ring and its movement can
be seen in our simulations. The transverse velocities of
electrons near the target surfaces are estimated from the
simulations to be much less than the speed of light, indicat-
ing that electrons are bound by fields near the surfaces. Only
approximately 10% of fast electrons contribute to the accel-
eration of ions via the ambipolar field; therefore the electron
losses from the front side of the target can be neglected.
These processes continue for 10s of femtoseconds after
charges have equilibrated. The ion pulse starts at the begin-
ning of the laser pulse and continues during this time.
Because of its low velocity~;8 3 108 cm0s! compared to
that of the electrons, it only moves a small distance of
;1 mm during the acceleration stage.

Let us mark that a small numberNef of ultrafast elec-
trons with the energy«ef 5 ~gef 2 1!mc2 overcome the
electrostatic barrier whengef . Nehe

20mc2R and propa-
gate into the vacuum with a small angular divergenceuef .
Estimating the electron bunch radial electrostatic field from
the Poisson’s equation asEr > 2penef R, and the acceler-
ation time as the time to double the bunch size, one arrives
at the following estimate of the ultrafast electron beam
divergence~Tikhonchuk, 2002!:

uef > @pNef re0Rgef
3 #102, ~8!

where re is the classical electron radius. These ultrafast
electrons are shown in PIC simulations in Figure 3 and the
scheme in Figure 8.

4. FAST ION PRODUCTION FROM THE REAR
SIDE OF THE FOIL

In the previous section we concluded that during the laser
pulse, fast electrons at a density ofneh5 eNeh

~1!0pR2h move
at a distancerd 5 veh0vph ; h in front of the ions, where
vph 5 ~4pe2nehc

20«eh!
102. This generates the electric field

Eam 5 2penehveh0vph 5Mp«ehneh. ~9!
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We assume that the foil plasma has a sharp rear boundary,
because the laser pulse is too short to allow time for the
shock wave to reach the rear surface. The velocity of ions
accelerated by the ambipolar force is thenvi 5 ~Z0mi !Eamta,
and their energy

«imax 5 Z«eh~neh0nc!~me0mi !~vL ta!2. ~10!

The total time during which ions are accelerated,ta, is the
sum of the duration of the laser pulse,tL, and relaxation time
of the ambipolar field,vph

21. Equation~10! is thus obviously
valid over acceleration times that are short enough that ions
travelling at a reference velocityvi do not completely tra-
verse the accelerating field of widthcvph

21, that is, forta ,
vph

21c0vi . For longer pulses, the approximation of fixed ions
is no longer valid, and the ion energy in this case is given by
Gurevich and Meshcherkin~1981!:

«i 5 Z«eh~ ln~vpi tL ! 1 0.9!2. ~11!

In our casetL ; ta # vph
21c0vi and Eqs.~10! and~11! give

approximately the same energy. To verify Eq.~10!, the
velocity of the ion front was estimated from the position of
ions atvL t 5 500 as shown in Figure 4, giving a velocity of
vi ; 3 3 108 cm0s, that is, two thirds of the value given by
Eq.~10!. The scaling«i ; I18

0.5 that follows from Eq.~10! has
been confirmed by numerical calculations for a plasma with
a sharp rear surface and it agrees with the experimental data
from Wilks et al. ~2001!.

5. ION BEAM TRANSPORT FROM THE FOIL
REAR TO VACUUM

In the initial stage of the acceleration process~t , vph
21c0vi !,

the electrons move away from the ions. The electron ring
discussed in the previous section is only one of the factors
influencing the ion motion. The equation for the ion accel-
eration along the foil surface is

Mi ~dvl 0dt! 5 2pZe2nehR. ~12!

From this equation, the angle of ion divergence can be
estimated as

ui 5 vl 0vi 5 Ze2pnehhR0«i . ~13!

This indicates that ions propagate from the target at rela-
tively wide angles in the initial stage, as confirmed by the
simulation results~see Fig. 5a!. After this, the separated
charges recombine, with the electrons from the ring hav-
ing returned to charged plasma surface. As a result, at
vL t 5 333, the ion divergence has decreased, as can be
seen in Figure 5b. The PIC simulation results of the depen-
dence of fast ion direction~vy0vx! on the laser intensity are
shown in Figure 6 for a plasma density gradientL of 1 mm
and the slab length of 2mm ~upper curve!. Simulations
thus agree well with the analytic result of Eq.~13! ~lower
curve!.

Fig. 8. A general scheme of laser plasma foil interaction and the ion bunch generation.
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At time t .. R0vi , the ion jet has a stretched shape and we
can approximate the electric and magnetic fields as cylindrical:

Er
~a! 5

2

r
E

0

r

r~a! ~r !2pr dr Bw
~a! 5 b~a!Er

~a! a 5 e, i

b~e! 5 vi 0c b~c! 5 veh0c, ~14!

wherer~a! is the charge density of particles of type a. The
radial ion motion equation is then

mi ]r 5 Ze~Er
~e! 1 Er

~i ! ! 2 Zeb~i ! ~Bw
~e! 1 Bw

~i ! ! 2
cs

2

ni

]ni

]r
, ~15!

where cs is the speed of ion sound. We make a simple
approximation of axial particle motion,x 5 vi t at a station-
ary beam currentni R

2 ; const. Then forr 5 R, the particle
trajectory~b~i ! ,, 1! is given by

d2R

dx2 5
2

RSJ 1
cs

2

vi2
D

J 5
ZeJi ~12 K !

mi c
3b~i !3g~i !2 , ~16!

whereJi is the total electric current of the ion beam,K 5
neh0Zni , 1 is the degree of compensating of ion beam
charge by electrons, andg~i ! is the Lorentz factor of the
ions. The initial conditions of the ion jets are:

R'~0! 5
dR

dx *x50

'
dr

vi dt *t50

'
v4i

vi
' ui 2 usf , ~17!

whereusr is the angle of surface curvature~angle between
surface normal andx-axis!. Then from Eq.~16!, we find an
approximate dependence of the rate of divergence on the
laser intensity. Following from Eq.~16!, emittance«m 5
RdR0dx is given by

«m ' 2RMJ 1 cs
20vi2. ~18!

This gives«m ; 1021 mm{rad for the parameters used in
the simulations. From Eq.~16! we conclude that the parti-
cle beam emittance depends on the parameterK, and for
K ; 1, emittance is very low~J , cs

20vi2!. It is generated
only by the thermal pressure. The ion jet shown in Fig-
ure 4 propagates with little divergence or convergence. It
is confirmed also by the shape of separate ion trajectories
at various target points, as is shown in Figure 7. The numer-
ical calculation of the magnitudeK for a bunch of ejected
ions reveals an almost complete charge compensation by
electrons:K ' 0.98.

Thus, convergence of the ion beam can be achieved by
rearranging the foil target into a curve. The distance from
the foil at which the beam is focused depends on the foil
profile and the laser beam parameters. We consider the

focusing effect in more detail. From Eq.~16!, the equation
of the trajectory of boundary particles of the beam is

x~R! 5E
R

R~0! dR

MR'2~0! 2 4~J 1 cs
20vi2! ln~R~0!0R!

. ~19!

The minimum radius of the focused beam is achieved when
the expression under the square root in Eq.~19! is zero:

Rmin 5 R~0!exp~2R'2~0!04~J 1 cs
20vi2!!. ~20!

The minimum radius of a bunch is reached where the
transverse component of the kinetic energy of a bunch is
transformed completely into the potential energy of the
pressure and Coulomb forces. Equation~20! also gives the
basics for the formulation of requirements for focusing a
bunch of ions. AsR'~0! ;1, the charge compensation needs
to be such thatJ ,, 1. The ion distribution function needs to
be arranged such that the fluctuation of velocity is much less
than average velocitycs ,, vi . The focal length is then given
by

x* 5E
Rmin

R~0! dR

MR'2~0! 2 4~J 1 cs
20vi2! ln~R~0!0R!

. ~21!

These formulae are convenient for determining the order
of magnitude of focusing for a given set of parameters, as all
essential effects are taken into account: the Coulomb repul-
sion, thermal expansion, magnetic field of a bunch, surface
curvature, and angular scatter of ejected ions. At relativistic
ion velocities, the ion bunches are squeezed by their own
magnetic field~factor 12 b~i !2 reducing the value ofJ!.
From Eq. ~16!, for the ions ejected from a flat surface
~R'~0! 5 0! and under only the thermal pressure, the ion
bunch radius will increase according to the following for-
mula: R 2 R~0! ' 2csx0vi 5 2cst. A similar result follows
from Gurevich and Meshcherkin~1981! and Kovalevet al.
~2001!.

The produced ion bunch can be unstable during propaga-
tion in vacuum. The main type of ion instability for our
condition is electrostatic Budker instability~Meshkov, 1991!.
We calculated the development of transverse filamentation
for a general case; then the threshold value of the instability
scale is given by

ky tr . !
4pe2ni

mcvch
2 S11

2ewmin

meveh
2 D302

1
4pe2ni

mi vi2S12
2ewmax

mi vi2
D302

~22!

and the growth rate of this instability is

gx > Mky
2 2 ky tr

2 , ~23!
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wherewmax . wmin, ~ewmax # mi vi2 ; meve2! limit values
of the electrostatic potential inside the bunch~w corre-
sponds to the electric field from~14!!. As we see from
these formulae, the threshold value of the transverse scale
of instability is close to the longitudinal Debye radius
of the bunch and the growth rate increases withky.
Such a rise is limited by the condition onky:ky max .
!4pe2ni 0«i4, where«i4 is the transversal component of
the ion kinetic energy. Therefore

ky tr

ky max

. !«i4

«i

. ui ,, 1.

For example, atvi 5 83108 cm0c, vpi 51013 c21, ui ' 58,
the threshold and the minimal scale of instabilities areltr 5
2p0ky tr '2mm,lmin'200 nm. Note that such an instability
develops faster if the foil rear density is modulated with the
scale ;c0vph. At the nonlinear stage, the ion bunch is
divided in separated filaments of a diameterlmin and the
bunch divergence is decreased. This physical picture is
represented in Figure 8, where also the basic parameters
entered in the article are shown.

6. CONCLUSION

In the interaction of intense ultrashort laser pulses with a
thin foil plasma, the electron bunches are produced from the
front side. The bunch of fast electrons penetrates in a foil
depth and is emitted from the rear surface. The ambipolar
electric field accelerates the ions at the rear target surface.
The average energy of the electrons and ions depends on the
square root of the laser intensity, whereas the divergence of
ions that ejected from the foil decreases with the square root
of the laser intensity. An increase in the scale length of
plasma inhomogeneity over some interval increases the
laser absorption and the particle energies, and tightens the
angular distribution of the ion beam generated from the foil
rear. The ion bunch focusing is possible under the conditions
of deep ion charge compensation by electrons~near 95%!, a
small initial angular dispersion of ion velocities, and the
speed of ion sound should be less than the transverse com-
ponents of ion velocity resulting from the target curvature.
Electrostatic bunch instability also can produce a filament
of a low divergence.
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