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Abstract

X-ray spectra of plasma produced by the interaction of Ti:Sa laser pulses (duration from 60 fs to 1 ps, and energy from 15 mJ
to 128 mJ) with foil and solid Teflon and AL targets are investigated. It is shown experimentally and theoretically that the use
of low contrast (1022 – 1024) short laser pulses, essentially promotes the conditions for generation of fast multi-charged
ions. This effect is caused by self-focusing of the main laser pulse in a preplasma produced by intense laser prepulses.
Modeling of the observed spectral line shape gives evidence of a considerable (about 3%) amount of multi-charged He-
like F ions with energy E � 1 MeV at rather low values of laser intensity IL � 6 � 1016 W cm22.
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1. INTRODUCTION

Intense laser pulses, interacting with matter, create plasmas
with nonequilibrium energy distribution of electrons and
ions. Creation of high-energy ions in an amount that notice-
ably exceeds the values followed from the equilibrium distri-
bution function is usually mentioned as fast particles
generation in plasma. Investigation of ion acceleration mech-
anisms allows the realization of highly effective laser-plasma
accelerators of protons, electrons, and heavy ions (Mourou
et al., 2006; Lifshitz, 2006; Mangles et al., 2006).

Generation of fast particles in plasma by nanosecond laser
pulses has been experimentally studied for several decades
(Gitomer et al., 1986). Empirical scaling laws describing
the dependence of fast ion energy from the parameter F ¼
ILlL

2, which is associated with the laser wavelength and
laser intensity, have been obtained, where IL is the laser radi-
ation intensity, and lL is the wavelength. With flat solid-state

targets and nanosecond laser pulses, fast ions of 1-MeV
energy were observed at F � 1013–1014 W/cm22/mm2

(Rosmej et al., 2002; Schaumann et al., 2005).
For pico- and subpicosecond pulses, the condition for fast

particle generation worsens, and an appreciable quantity of
fast protons and multi-charged ions are observed only at
essentially higher values of F . 1018 W/cm22/mm2 (Key
et al., 1998; Dobosz et al., 1999; Zhidkov et al., 1999,
2001; Krushelnick et al., 2000; Maksimchuk et al., 2000,
2004; Auguste et al., 2001; Andreev et al., 2002; Magunov
et al., 2003; Fukuda et al., 2004; Belyaev et al., 2004,
2005; Cowan et al., 2004; Fuchs et al., 2005; Lindau et al.,
2005; Fernandez et al., 2005; Brambrink et al., 2006a,
2006b; Hegelich et al., 2006; Yin et al., 2006). Besides
high intensity of laser radiation, experiments described in
these papers were conducted at rather high pulse contrast,
and accordingly, at small-scale heterogeneity of plasma
density (Laska et al., 2006).

Usually, the focused radiation intensity in a vacuum is
used to estimate the value of the F parameter. However,
the actual local F parameter value in plasma can be essen-
tially higher, e.g., in the presence of laser beam self-focusing
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(SF). Thus, if there is a SF of laser radiation in plasma, con-
ditions for the fast particles generation defined by F par-
ameter are considerably softened. Indeed, fast ions can be
observed at much smaller F-values. Such an effect was
observed recently in Kim et al. (2006), where 1-MeV
H-like oxygen ions have been observed at SF of femtosecond
pulses in a cluster targets at values of F � 1016–1017 W/
cm22/mm2.

In this paper, it is experimentally shown, that a similar
effect takes place in solid-state targets heated up by femto-
and picosecond pulses of low contrast. In this case, the SF
of the main laser pulse occurs in rather long preplasma,
created by a laser prepulse. In such conditions, the appreci-
able quantity of multi-charged ions with energy E �
1 MeV is generated at values of F � 1016 W/cm22/mm2

for the main laser pulse.

2. EXPERIMENTAL SETUP

The experiment has been performed using a Ti:Sapphire
(Ti:Sa) laser system of national laboratory for ultrafast
and ultraintense optical science (ULTRAS-CNR-INFM,
Politecnico di Milano, Italy), which generates 800 nm
pulses with 10 Hz repetition rate, maximum energy of
130 mJ, and minimum duration of 60 fs. The duration of
laser pulses was varied, between 60 fs and 1 ps changing
the distance between gratings in the compressor stage. The
laser pulse contrast was �1025 in the nanosecond time
scale and �1024 in the ps scale.

The scheme of the experimental setup is shown in
Figure 1. Teflon slab (CF2), and CF2 and Al foils of
various thickness were used as targets. The laser beam was
focused on a target surface at an incidence angle of 158 by
an off-axis parabola mirror in a spot of 10–20 mm in diam-
eter (The Rayleigh length of focusing system in a vacuum is
about 200 mm). The peak intensity varies in the range IL ¼

4 � 1015–6 � 1017 W/cm22 for the pulse duration from 1
ps to 60 fs. The target was continuously shifted in order to
shoot each time on a fresh surface. Laser radiation focusing
and plasma expansion were controlled by an X-ray pinhole
camera with a 15-mm aperture diameter. The 1:1 plasma
image was recorded on a RAR-2492 film in the X-ray spec-
tral range above 0.4 keV photon energy.

In this experiment, we intentionally reduced the laser pulse
contrast to about 1022 in the 100-ps scale by inverting a
dielectric steering mirror between the regenerative and the
high power amplifiers: in this way, a weak prepulse reflected
from the substrate surface was generated. Figure 1b presents
the pinhole image of the expanding plasma produced by
focusing of the laser pulse with energy EL ¼ 128 mJ, and
duration tL ¼ 1 ps on the surface of 13-mm Al foil. The inten-
sity traces along and transverse to the laser beam propagation
directions are shown in Figure 2. The plasma image and its
traces manifest an evidence of the laser radiation channeling
due to the SF effects. A noticeable modulation of the X-ray
radiation intensity along the plasma region also testifies to

Fig. 1. (a) Experimental setup. (b) Pinhole X-ray image of plasma produced
by irradiation of the 13-mm Al foil target by the Ti:Sa laser pulse of 1 ps
duration and 128 mJ energy (the target surface is at x � 0).

Fig. 2. (a) X-ray intensity distribution obtained from the pinhole image in
Fig. 1b along the laser beam propagation axis. (b) X-ray intensity distri-
bution transverse to the laser beam propagation direction at x �23.5 mm
(solid curve) and x � 0.5 mm (dashed curve).
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the SF regime of the laser beam propagation in the plasma
channel (Bulanov et al., 1995).

X-ray radiation spectra of plasma were measured by the
focusing spectrometer with spatial resolution (FSSR) spec-
trometer (Faenov et al., 1994; Skobelev et al., 1995) based
on the spherically bent mica crystal (2d ¼ 1.991 nm). The
crystal curvature radius is R ¼ 100 mm and the aperture
size is 8 � 26 mm2. The X-ray radiation was registered by
the CCD camera (Roper Scientific, 1300 � 1300-cells
matrix) with the cell size of 20 mm. The CCD-matrix was pro-
tected from the visible and vacuum ultraviolet VUV radiation
by three layers of the 1-mm polypropylene film covered by the
0.2-mm Al layer. The spectrometer was adjusted to the first
order Bragg reflection at the angle uBr ¼ 49.88 to observe
the Heb line of He-like ion F-8 (1s3p – 1s2 resonance tran-
sition), and the Lya line in H-like ion F-9 (2p – 1s resonance
transition) with the spectral resolution l/Dl � 5000 in the
wavelength range 1.41–1.62 nm. The spectral measurements
were performed with the one-dimensional spatial resolution
about 50 mm transverse to the plasma expansion direction.

3. FAST IONS DIAGNOSTICS AND MODELING

X-ray spectroscopy diagnostics of fast ions in plasma is
based on the fact that the spectral line shape is sensitive to
the ion velocity distribution function due to the Doppler
effect (Dobosz et al., 1999; Zhidkov et al., 1999; Magunov
et al., 2003; Rosmej et al., 2005). Theoretical modeling of
the experimentally observed Heb and Lya line shapes and
their relative intensities allows for an estimation of the
plasma parameters, namely, the electron temperature and
density, and the ion energy distribution function.

Figure 3 presents the experimental X-ray spectra of
plasma, produced by 1-ps laser pulses with various energies
(15–128 mJ), irradiating the CF2-slab and the 80 mm foil
targets. It is clearly seen that the Lya-line of F-9 intensity
rises sharply with the increasing laser pulse energy. The
Lya and Heb line intensities are nearly equal at the pulse
energy of 128 mJ. It means that at higher laser pulse
energy and intensity, the H-like ions are formed more effec-
tively in plasma, both due to rising of the electron bulk temp-
erature, and the growth of the hot electron fraction. Figure 3
also shows that the line widths (of Heb, especially) increase
considerably with the laser radiation intensity. Such behavior
of the line widths confirms the growth of the accelerated ions
fraction. Another feature in Figure 3 is the Heb line asymme-
try, which appeared at some laser intensities. The long-
wavelength (“red”) wing of the line is more intense than
the short-wavelength (“blue”) wing. It is necessary to
remember, that the red wings of the resonance lines are
usually contributed by the dielectronic satellites; however
their intensities in the F ions should be insignificant. More
likely, the line asymmetry is due to anisotropy of the fast
ion generation in picosecond plasma. Fast ions moving in
the laser beam propagation direction (deep into the target)
or backward from the direction of observation are more

effectively produced. Thus, the spectral line shape measure-
ments in our experiments can be used to draw the velocity
distribution function of ions in plasma.

Figure 4 shows as an example, the modeling results for
the Heb (Fig. 4a) and Lya (Fig. 4b) line emission of
plasma produced by the 120-mJ, 1-ps laser pulse on the
CF2-slab target. The experimental data, shown as symbols,
reveal a small asymmetry of the line wings that can be
explained by anisotropy of fast ions expansion. In this
case, it appears as a bigger laser intensity.

The line intensity for the Heb and Lya lines in F ions was
calculated by the following expression

I(l)/ l�1
X

j

AjSj(l� lj)Nu; j; (1)

where Aj and lj are the radiation transition probability and
wavelength of line j, correspondingly, Nu,j is the upper
level population density for the transition j.

The spectral function Sj(l 2 lj) was calculated according
to Stark and Doppler broadening because the collisional
width is negligibly small at the electron density values
about the critical one

Sj(l� lj) ¼
ð

W(E)
X
a

g ja (E) fj

� l� lj � Dl ja(E)
� �

dE; (2)

Fig. 3. Measured X-ray spectra in the region of Heb and Lya lines of F ions
in plasma produced by the 1-ps Ti:Sapphire laser pulse irradiating the Teflon
slab and the 80-mm foil (at EL ¼ 128 mJ) targets as a function of pulse
energy. The curves are normalized to the peak intensity of the Heb line.
The pulse energy increases for the curves from bottom to top: 15 mJ (a),
30 mJ (b), 60 mJ (c), 120 mJ (d), 128 mJ (e), for a slab target and 128 mJ
(f) for a foil target.
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where W(E) is the distribution function of the ionic micro-
field strength E in plasma, gja(E) ¼ Aja(E)/Aj and Dlja(E)
are the transition branching ratio, and the wavelength shift
for the Stark component a of the line j, respectively.

The one-dimensional velocity distribution function of ions
(velocity projection on the observation direction) fj(v) was
described by the three-temperature dependence in the form

fj(v) ¼ ac; j fM(�vc; j; v)þ aw; j fM(�vw; j; v)þ af ; j fM
� (�vf ; j; v)ac; j þ aw; j þ af ; j ¼ 1; (3)

where fM (v̄, v) ¼ 1/(
ffiffiffiffi
p
p

v̄) exp (2v2/v̄2) is the Maxwell dis-
tribution function defined by the effective ion temperature (in
energy units) T ¼ Mv̄2/2, M is the ion mass. The first term in
Eq. (3) defined by the effective temperature Tc,j contributes to
the central part of a line in Eq. (2). The second term in Eq. (3)
is contributing to the nearby line wings are defined by the
effective temperature Tw,j, while the third term characterizes

the far wings by the temperature of fast ions Tf,j. In order to
reproduce the observed line asymmetry different values of
Tw,j and Tf,j (as well as aw,j and af,j), were used for the
blue and red line wings in the exponential contributions in
Eq. (2). The differences of corresponding values characterize
anisotropy of the ions velocity distribution functions. Note,
the ac,j values also differ for opposite sign of v in order to
obey normalization and continuity of the fj(v) function
simultaneously.

The integration in Eq. (2) should be performed with the
first term on the right-hand side of Eq. (3) because the
widths of two others are much greater than the corresponding
Stark shift at typical plasma density. Thus, Eq. (1) reads

I(l)/ l�1
X

j

Aj ac; j

ð
W(E)

X
a

g ja(E)fM

"

(Dlc; j; l� lj � Dl ja(E))dE þ aw; jfM
(Dlw; j; l� lj)þ af ; jfM(Dlf ; j;l� lj)

�
Nu; j (4)

where Dlc,j ¼ lj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tc; j=Mc2

p
, Dlw,j ¼ lj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tw; j=Mc2

p
, and

Dlf,j ¼ lj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tf ; j=Mc2

p
are the Doppler halfwidths for the

central line region, the nearby and far wings of the line j,
respectively; c is the speed of light.

The line profile calculations were performed in the linear
Stark shift approximation with the microfield distribution
function that accounts for the Debay screening and ionic cor-
relations (Tighe & Hooper, 1976). The average electron
density value Ne ¼ 2 � 1020cm23 was used. The line
shape obtained for the central part of Heb and Lya differs a
little from the Doppler profile. The observed intensity ratio
of the lines is defined mainly by their central areas. It was
fitted by varying the electron temperature Te in the stationary
collision-radiating kinetic model calculation and the effective
temperature of ion bulk Tc,j that defines the line width. The
result of the line fitting obtained with Eq. (4) is shown by
solid curves in Figures 4a and 4b. The results obtained
with the integral in Eq. (4) are shown by dash-dotted
curves. Dashed curves show the contribution of the second
term in the right-hand side of Eq. (4). A sensitivity of the
line shape to the effective ion temperature values is high
enough for their reliability within 10–20%. The accuracy
is higher for the Tw,j values since the background contri-
bution to the nearby line wings is relatively smaller than to
the far wings.

Note Eq. (1) is valid only for optically thin plasma. To
account for the absorption near the line center, the uniform
layer approximation was used in calculations

�I(l � lj) ¼
I(lj)
tj
½1� exp (�tjI(l)=I(lj))�; (5)

where tj is the line center optical depth of the plasma.
The experimental data at different values of laser pulse par-

ameters were fitted in a similar way. The analysis of

Fig. 4. Spectral line shapes of Heb (a) and Lya (b) lines of F ions in Teflon
plasma. The experimental data were obtained with the laser pulse of 1 ps dur-
ation and energy 120 mJ (circles). Dash-dotted curves correspond to model
calculation of the central part of the line by the integral term in (4) with the
following parameters: Ne ¼ 2 � 1020 cm23, Te ¼ 128 eV, Tc,He ¼ 5 keV,
Tc,H ¼ 4 keV. Dashed curves show contributions of the second term in (4)
to the nearby wings with the parameters: Tw,He ¼ 50 keV, Tw,H ¼ 25 keV
(blue wings) and Tw,He ¼ 80 keV, Tw,H ¼ 35 keV (red wings). Solid
curves account for also contributions of fast ions in (4): Tf,He ¼ 0.35 MeV,
Tf,H ¼ 0.25 MeV (blue wings) and Tf,He ¼ 0.7 MeV, Tf,H ¼ 0.35 MeV
(red wings). Arrows show the Doppler shift for ions with the energy equal
to corresponding temperature values.

A.Ya. Faenov et al.270

https://doi.org/10.1017/S0263034607000110 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034607000110


experimental data shows that the distribution function of ions
strongly differs from the single-temperature Maxwellian one.
The main fraction of the accelerated ions, moving from a
target aside spectrometer, is characterized by effective temp-
eratures Tw,j ¼ 30–60 keV, whereas for ions, moving in the
opposite direction Tw,j ¼ 40–80 keV. Fast ions, moving
from a target surface, are characterized by effective tempera-
tures Tf,j ¼ 200–400 keV, and fast ions, moving in the direc-
tion to the target Tf,j ¼ 300–800 keV.

Figure 5 shows the variation of the ion velocity distri-
bution function (Eq. 3) at fixed laser pulse duration tL ¼
1 ps with the laser beam energy and focusing (parameter
F ). Positive ion velocity corresponds to their motion
toward the target surface. The results show that the positive
velocity fast He-like ions (Fig. 5a) and H-like ions
(Fig. 5b) fractions increase more rapidly with the laser
pulse intensity than those with negative velocity.

Figure 6 presents the same characteristics for different
pulse duration at fixed energy value EL ¼ 120 mJ. The fast
ions fraction sharply declines at 60-fs pulse duration.

The fast ion fraction with energy above E is defined
according to Eq. (3) by the integral

Pj(E) ¼ bj

ð1 ffiffiffiffiffiffiffiffiffi
2E=M
p fm(vf ; j; v) dv ¼ bj

� 1� erf (
ffiffiffiffiffiffiffiffiffiffiffiffiffi
E=Tf ; j

q
)

j k
; (6)

where erf(x) is the error function. The fast ion fraction
followed from our calculations is significant enough. For
example, at F ¼ 4 � 1016 W/cm22mm2 (laser beam energy
128 mJ and pulse duration 1 ps) the value of Pj for the
He-like ions with energies above 1 MeV is about 3%.

The generation of fast ions can by explained as follows.
The non-uniform plasma is created in front of the target
during the interaction with an intense laser pulse. The elec-
tron density varies from the solid-state value to zero. The
scale of the density gradient can be estimated as Ln � cstp.
Here cs ¼ (ZTe,p/M )1/2 is the speed of ionic sound, tp is
the characteristic prepulse duration, Te,p is the electron temp-
erature of preplasma, and Z is the ion charge. In our exper-
iments, the prepulse was significant during more than 100
ps time interval when the pulse contrast reached values of

Fig. 5. One-dimensional velocity distribution functions of He-like (a) and
H-like (b) F ions obtained by fitting of (4) to the measured Heb and Lya
line profiles (see Fig. 3) at fixed pulse duration tL ¼ 1 ps and different
laser pulse energies: 15 mJ (solid curve), 60 mJ (dashed curve), 120 mJ
(short dashed curve), 128 mJ with slab (dotted curve) and foil (dash-dotted
curve) targets. The positive velocity corresponds to the direction of laser
beam propagation.

Fig. 6. One-dimensional velocity distribution function of He-like (a) and
H-like (b) F ions obtained by fitting of (4) to the Heb and Lya line profiles
at fixed energy EL ¼ 120 mJ and different laser pulse durations: 60 fs (solid
curve), 600 fs (dashed curve) and 1 ps (dotted curve). The positive velocity
corresponds to the direction of laser beam propagation.
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1022–1024. Thus, for laser intensity around 5 �
1016 Wcm22, the prepulse intensity has the value of 5 �
1012–5 � 1014 Wcm22. For simplicity, the plasma corona
can be approximated in this case by a homogeneous
medium of 100 mm in length with the density Ne � 0.1Nc.
It is worth noting that the critical density for the Ti:Sa
laser radiation is Nc ¼ 1.7 � 1021 cm23.

It is well-known that in such a plasma, the laser beam is
subjected to SF if the pulse power PL (in Watts) is high
enough (Sun et al., 1987) to hold inequalities

vERL . clp; PL . 3� 1010Nc=Ne: (7)

Here vE is the electron oscillatory velocity, lp is the plasma
wavelength, RL is the laser beam radius. The laser pulse
energy EL ¼ 120 mJ and duration tL ¼ 0.6 ps correspond
to conditions near the SF threshold that is overcome at
smaller durations. Actually, the plasma is non-uniform, and
somewhere, there always exists an area that obeys the SF con-
ditions (Eq. (7)). The length of SF can be estimated by the
formula from Kodama et al. (1996)

LSF � RL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NcTe;keV

NeIL;16l
2
L;mm

s
; (8)

where IL,16 is the laser intensity in units of 1016 W/cm22,
lL,mm is the laser wavelength in microns, and Te,keV is the
electron temperature in keV. For parameters in our exper-
iments, Eq. (8) gives LSF � 50 mm. In inhomogeneous
plasma, we can estimate the laser beam radius at the distance
z according to the following formula (Andreev & Platonov,
2004)

R

RL
� 1� L2

n

L2
n þ rR2

L

z2

L2
SF

: (9)

For Ln ¼ 60 mm and z ¼ LSF, one obtain R � 0.3RL. Hence,
the laser beam radius will decrease approximately by a factor
of three and the intensity can increase to the order of magni-
tude. Such a simple consideration agrees well with the
pinhole observation of the laser beam SF (see Figs. 1b and 2).

The ponderomotive laser light pressure squeezes out a
portion of electrons from the plasma layer near the critical
density area. This effect creates an electric field that acceler-
ates ions. As a result, ions are accelerated in two directions:
forward to the laser beam and backward from the target.
The energy of these groups of ions can be estimated by the
following formulas (Andreev et al., 2002)

Ec ¼
Mv2

c

2
� Zmec2 Nc

Ni
(g� 1);

Ep ¼
Mv2

p

2
� Zmec2 Ne;h

Nc
(g� 1): (10)

Here g ¼ (1 2 a2)1/2, a ¼ vE/c ¼ 0.8(IL,18)1/2, IL,18 is the
laser intensity in units 1018 W/cm22, vp is the speed of an
extending plasma boundary, vc is the speed of the critical
surface, Ne,h is the density of hot electrons escaping to a
vacuum, and Ni is the ion density. For Z ¼ 7, Nc ¼ ZNi and
the value of intensity in the experiment IL ¼ 4 � 1016 W/
cm2 Eq. (10) estimate the energy value 70 keV, and for
a � 0.5, the energy raises up to 500 keV. Note that the trans-
verse velocity of ions due to ponderomotive pressure vi/c �
ctL/(ZRL)a2/g (Feit et al., 1996) is small in our conditions
and can be neglected.

The expansion of ions in a vacuum is defined also by the
ambipolar mechanism (Gurevich et al., 1966). The
expression for estimation of the maximal energy of fast
ions from Mora (2003) is

Ei;max � 2ZEe;h½ln (2vp;itef )�2; (11)

where vp,i ¼ (4pZ2e2Ne,h/M )1/2 is the ionic plasma fre-
quency, tef � 1.5tL (Oishi et al., 2005). The average energy
of hot electrons is defined by expression Ee,h �
30(10IL,18lmm

2 )1/3Tc
1/3 at rather low laser intensity

(Estabrook & Kruer, 1977), and by Ee,h � mc2(g 2 1) at
high intensities (Wilks et al., 2001). For IL ¼ 4 �
1016 Wcm22, a similar value Ee,h � 10 keV follows from
both formulas. There should be a lack of ions with the
energy exceeding Ei,max and the distribution function
breaks sharply. Eq. (11) for Z ¼ 7 and 60 fs pulse duration
gives an estimation 100 keV, while for 600 fs duration the
energy raises up to 500 keV. These estimations are in good
agreement with experimental data as follows from Figure 6.

Fig. 7. One-dimensional LPIC kinetic simulation of the ion velocity distri-
bution function in plasma (see text for details) at different laser pulse inten-
sities IL ¼ 4 � 1016 Wcm22 (dash-dotted curve), 4 � 1017 Wcm22 (dotted
curve), and 4 � 1018 Wcm22 (dashed curve) at the middle of the 600-fs
laser pulse (solid curves). The solid curve is obtained for IL ¼ 4 �
1018 Wcm22 and 60-fs laser pulse at the same (300 fs) time moment.
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In order to prove these estimations, we have made calcu-
lations by the one-dimensional kinetic code linear particle
in cells (LPIC). In these calculations, the plasma density
had exponentially growing profile of 20 mm in length and
the maximal density 5Nc. It was followed by the 5-mm con-
stant density segment down to the border of calculation area.
As the code is one-dimensional, SF was simulated artificially
by increasing the laser intensity by an order of magnitude.
The results of calculations are shown in Figure 7.

It is clearly seen that at low intensity (IL � 4 �
1016 W cm22) ions move in forward and backward directions
of a laser beam with approximately equal velocities. For
higher intensity ions moving forward, have greater velocity
and their quantity increases. It agrees well for both with esti-
mations (10) and with the experimental data presented in
Figures 5, 6, and in Table 1. From Table 1 follows that the
maximal energy of fast ions is higher for the foil target com-
pared to the slab one. The two possible reasons are:
re-circulation of very fast electrons in a foil (Sentoku et al.,
2003) and generation of another group of fast ions from the
foil rear (Wilks et al., 2001). Our calculations show that
fast ions have approximately two- or three-temperature distri-
bution function with the temperature values corresponding to
experimental data.

4. CONCLUSION

We have measured with high resolution the X-ray spectra of
H-like and He-like F ions in plasma produced by low-
contrast Ti:Sa subpicosecond laser pulses on the solid
Teflon targets as a function of laser pulse energy and dur-
ation. From the Heb and Lya spectral line shapes, we
restore by modeling the ions velocity distribution functions
that reveal a generation of fast ions with energy E �
1 MeV at rather low pulse intensity IL � 6 � 1016 Wcm22

(parameter F � 4 � 1016 Wcm22/mm2) in a vacuum. The
ion distribution functions are anisotropic in the direction of
laser beam propagation with an excess of ions moving
toward the target. We explain the effect as the result of the
laser beam SF in preplasma, created by a big laser prepulse.
Laser beam SF essentially increases the local laser intensity
in plasma and promotes a fast particle generation, a

result confirmed by the numerical kinetic calculation in
one-dimensional LPIC simulations. The SF is proved in the
measured X-ray pinhole images by the X-ray intensity
modulation and laser light channeling along the expanding
plasma.
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