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Hot-electron influence on the x-ray emission spectra of Ar clusters
heated by a high-intensity 60-fs laser pulse
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The interaction of a high-intensity 60-fs laser pulse with argon clusters is investigated experimentally using
methods of x-ray spectroscopy. It is shown that the plasma emission in the vicinity of He-like ArXVII reso-
nance line contains intense satellites caused by transitions in Li-like, Be-like, and other argon ions. It is shown
that observed spectra could be explained by the presence of hot electrons in moderately ionized plasma. A
simple physical model of plasma creation is proposed involving the incident picosecond prepulse followed by
the main laser femtosecond pulse. Atomic kinetic calculations based on the proposed model give a good
description of the experimental data.
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I. INTRODUCTION

Recently there have been many investigations of the
teraction of radiation from ultrashort laser pulses with bo
solid and gas targets. These studies provided knowle
about fundamental properties of matter under critical con
tions, as well as solutions for different applications, such
ignition of nuclear reactions, heavy particle accelerati
construction of the bright x-ray sources for medicine, bi
ogy, lithography, etc.; see, for example, Refs.@1–3#.

There are very significant differences between the in
action physics observed in solid and gas targets, and
plasma conditions produced in these two media are co
spondingly quite distinct. Solid targets irradiated by hig
intensity subpicosecond laser pulses can produce near-
density plasmas with electron temperatures of several h
dreds of eV. In contrast, monatomic gas targets are ine
cient absorbers of laser radiation, and relatively cold plasm
with temperatures well below 100 eV are produced mai
by multiphoton and field ionization processes. There ar
number of targets that might prove suitable to fill gap b
tween solids and gases. Atomic clusters are an impor
candidate because they can be produced in a broad ran
sizes from a few atoms to well in excess of 1 000 000 ato
per cluster. Some aspects of cluster behavior in intense l
field are similar to those of solids or gases, but they a
show several quite unique effects; see, for example, Refs@1,
3–12#.

In addition to the target state, the properties of the la
pulse are also important for determining the physics of in
action of ultrashort laser pulses with matter. For examp
one very important property is the amount of prepulse t
precedes the main pulse. Contrast is defined as the flux
sity of the prepulse divided by that of the main pulse. If t
contrast of a subpicosecond pulse is relatively small, then
1050-2947/2001/63~3!/032706~8!/$15.00 63 0327
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intensity of the prepulse is significant, and the main la
pulse interacts with plasma that is already formed by
prepulse. In this case, even with solid targets, it is imposs
to create plasmas with near solid density and the main la
pulse actually interacts with a ‘‘plasma target.’’ This type
target can also be produced when high-intensity subpico
ond laser pulses interact with large clusters.

Irradiation of all types of targets, including solids, gase
clusters, and plasma, by a subpicosecond laser-produc
bright source of x-ray radiation, which is caused by co
sions of plasma electrons with ions resulting in the popu
tion of excited atomic levels that consequently emit throu
spontaneous decay. The main radiative features of these
mas are observed in the resulting emission spectra. He
x-ray spectroscopy is used extensively for diagnostic stud
of subpicosecond laser-produced plasmas, and most o
information on the properties of such plasmas was obtai
using this experimental technique. Distinct differences in
observed spectra show the dominant role of processes
were of little importance for plasmas created by nanosec
laser pulses. The most significant differences were found
high-contrast subpicosecond laser pulse interactions w
solid targets@13–17#. In this case, the effective formation o
‘‘so-called’’ hollow ion states occurs due to high plasm
density, and the x-ray emission spectra differs drastica
from analogous spectra observed in experiments with na
second lasers.

An additional characteristic of subpicosecond las
produced plasmas is not only superhigh density but also
generation of fast ions and electrons. The presence of
particles must also affect the emission spectra. For exam
fast motion of ions must lead to deformation of spectral li
profiles due to the Doppler effect@10,11,18#, while fast elec-
trons can change the ion population kinetics and con
quently change the relative intensities of various spec
©2001 The American Physical Society06-1
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lines; see, for example, Refs.@19–21#. Solid targets are no
optimal for observing these effects because high-den
plasma can mask the role of fast particles.

In the present paper, we study the effect of fast electr
on the x-ray emission spectra of a femtosecond la
produced-plasma for a ‘‘plasma target’’ that was created
the interaction of picosecond laser prepulse with large ar
clusters. A simple physical model for the plasma dynamic
proposed in conjunction with detailed quasistationa
collisional-radiative kinetics calculations. The model
shown to correctly describe the x-ray spectrum that is
served. An estimate of the number of fast electrons and
plasma conditions are obtained by comparing the calcula
and experimental spectra.

II. EXPERIMENTAL SETUP

The experiments were performed on the UHI10 laser. I
a two-beam 10-Hz Ti:sapphire laser system with wavelen
l5800 nm. The main beam has a 10-TW peak power. T
low-energy ultrashort pulse is produced by a modified co
mercial Ti:sapphire oscillator that is stretched up to 300
by an aberration-free Offner stretcher. After four amplific
tion stages, the pulse energy is about 1.2 J~600 mJ after
recompression!. The pulse is then recompressed down to
fs in a vacuum chamber that is directly connected to
experimental chamber. A small amount of the energy
peaked up between the third and fourth amplifiers, and
then sent to a second compressor. This beam has a
energy~after recompression!, and the pulse is recompresse
in air. The contrast is measured to be about 1025 at 1 ps on
the main beam with a high dynamic cross-correlator. T
post-pulse and prepulse amplitudes are less than 1025. The
80-mm-diameter laser beam is focused with anf /6.25 off-
axis parabolic mirror. The 1/e2 focal spot radius isw0
525mm (M2;4). The corresponding Rayleigh length an
vacuum intensity are 600mm and 731017W/cm2, respec-
tively.

A cluster target was formed by the adiabatic expansion
vacuum of an argon gas puff produced by a pulsed va
with a conical nozzle. Three nozzles with different sizes
input and output holes were tested. The length of the exp
sion zone was also optimized. Only the arrangement wit
1-mm input diameter, a 8-mm output diameter, and a 20-
expansion length created the appropriate conditions to ob
a spectrum featuring the x-ray emission from multicharg
ions. The laser was focused at the vacuum-gas interf
about 1.5 mm below the nozzle. The gas jet was charac
ized by laser interferometry. The density profile has a Gau
ian shape with a 4-mm width~at 1/e), and a peak atom
density of 4.631018cm23 for a maximum gas backing pres
sure of 15 bar.

Spatially resolved x-ray spectra of argon in the spec
range 3.35–4.2 Å were obtained by means of two focus
spectrometers with spatial resolution; see Refs.@22–24#.
Spherically bent mica crystals with a radius of curvatureR
5150 mm, were used in these spectrometers. The cryst
the first spectrometer was placed 250 mm from the plas
The middle Bragg angle was 71.7°. Wavelengths near
03270
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Lya of H-like Ar ~3.72–3.82 Å! are in this spectral range
and correspond to the fifth order of the mica crystal refl
tion. The crystal of the second spectrometer was placed
mm from the plasma. The middle Bragg angle was 56.
The fifth order of mica crystal reflection allowed recordin
the spectra near then-n853-1, and 4-1 transitions of He
like Ar XVII . The spectral range between the Hea and Ka Ar
lines was observed in the fourth order of crystal reflection
should be noted that our attempts to observe the Lya line of
H-like Ar XVIII were unsuccessful.

The theoretical spectral resolution of the fourth and fi
reflection orders of mica crystal approachedl/dl;10 000
for the present of geometry. The x-ray spectral images of
have been obtained with a demagnification of about 2.1–
and a spatial resolution around 30–40mm in the direction of
propagation of the laser in the cluster jet, which is consist
with the focusing properties of the spherically bent cryst
The spectra were recorded on Kodak DEF film. The fi
cassette was protected by two layers of 1-mm polypropylene
covered by 0.2mm of Al, and by a 7-mm Be filter.

An example of the spectra obtained in this experimen
shown in Fig. 1. Spectra observed from earlier experime
are also shown in this figure. These include emission from
argon plasma created by a nanosecond laser@25# and a
plasma focus discharge@26#. It is clear from the graphic tha
the emission spectrum of the femtosecond laser-produ
plasma is similar to spectrum radiated from plasma foc
That is, in both cases there are intense satellite struct

FIG. 1. X-ray emission as a function of wavelength for arg
plasma created at different plasma installations: ns-laser-prod
plasma @25#, plasma focus@26#, and fs-laser-produced plasm
~present work!.
6-2
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HOT-ELECTRON INFLUENCE ON THE X-RAY . . . PHYSICAL REVIEW A63 032706
caused by transitions in multielectron argon ions~Be-like,
B-like, and C-like!. However, the nanosecond laser-produc
plasma contains mostly emission from only He-like and
like argon ions. Moreover, the relative intensities of differe
Li-like satellites in the femtosecond laser-produced plas
are very similar to those observed in the plasma focus. T
is, the intensity of ‘‘collisional’’ satellites designatedq, r,
anda–d are greater than the ‘‘dielectronic’’ satellites desi
nated byk and j. This differs significantly from the case o
the nanosecond plasma, where the intensities of collisio
satellites are much less intense than the dielectronic s
lites. In review, the main features of the plasma focus ar
relatively low plasma temperature and the presence o
powerful electron beam, and these two factors make it p
sible to describe the experimentally observed spectra@26#.
Therefore, it is reasonable to assume that the same fea
can be attributed to femtosecond laser-produced plasma.
shown in the present work that this assumption is also
equate for the interaction of the low-contrast femtoseco
laser pulse with argon clusters.

III. RESULTS AND DISCUSSION

A. Model of plasma dynamics

Consider the interaction of a high-intensity low-contra
femtosecond laser pulse with argon clusters. In the pre
experiments, the laser pulse contrast was about 1025. This
means that laser flux density in the prepulse was ab
1012– 13W/cm2. Values of the flux density in this range a
enough to destroy clusters and to create plasmas with e
tron temperatures of a few hundred eV. The spatial distri
tion of electron density and temperature in the preplasm
formed during the expansion of the clusters heated by
prepulse. This is shown schematically in Fig. 2~a!, at the
moment just before the arrival of the main pulse. The time
collisional ionization is about 1 ps or less for all argon io
with the number of bound electrons greater than 2, assum
the ionization processes occur in clusters initially having
proximately solid density. This means that the preplas
formed must contain He-, Li-, and Be-like argon ions, et
with an approximately steady ionization state. Note that n
ligible amounts of H-like ArXVIII ions are created by th
laser prepulse because the ionization rate for 1s2 shell is
orders of magnitude smaller than it is for electrons in then
52 shell.

The main femtosecond laser pulse then interacts with
nonuniform preplasma. The energy is mainly absorbed in
preplasma by spatial regions where the electron densit
greater than or equal to the critical density associated w
the laser frequency. As a result, the plasma temperatur
sharply increased to a few keV in a small volume with
some characteristic dimensionr hot, while the plasma tem-
perature in the other regions remains low@see Fig. 2~b!#.
Thus, during the action of the main pulse, some hot spots
created in the plasma. The distancer cold between these ho
spots is approximately equal to the distance between clus
in the jet, and the dimensionr hot has the same order of mag
nitude as the initial cluster size. This is a very importa
point because the bulk plasma ionization state is not sig
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cantly changed during plasma heating because of the sh
duration of the femtosecond pulse.

After the main pulse ends, hot electrons persist in th
plasma. The relative amount of these electrons is abo
(r hot/r cold)

3;1028– 1026. The temperatures of these elec
trons range from 5 to 10 keV according to previous calcul
tions @27,28#. It is important that the thermalization time
scale for these electrons is in excess of tens of picoseco
even in plasmas with critical densities of 1021cm23, and
their mean free path is greater than several hundred micro
This means that there will exist both low and high densi
regions in the plasma for an extended period of time after t
end of femtosecond pulse. A low-density plasma charact
ized by two temperatures will exist where most of the ele
trons will possess an electron temperatureTcold ~a few hun-
dred eV! and a small fraction of electrons will possess a
electron temperatureThot ~on the order of a several keV!.
Also, a denser and hotter localized plasma will exist wit
temperatureTe5Thot and with a nonstationary ionization
state corresponding to temperatureTcold. Note that hot elec-
trons will not only be present in the initial hot spot regions
but they will occupy the entire plasma volume because t
free path of the hot electrons is greater than total plasma s

The simplified picture of plasma dynamics describe
above is rather complicated. It is possible to construct a si
pler model more suitable for calculating the emission spe
tra. This model is based on the above considerations, a
takes into account the main features of the interaction
laser pulse with the clusters, but it uses a very simple d
scription of the temporal and spatial distribution of th

FIG. 2. Plasma creation by a femtosecond laser pulse with
picosecond prepulse.~a! Plasma parameters formed by a prepuls
~b! Additional dense plasma regions heated by the main pulse.
6-3
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plasma parameters. Here three stages of plasma evolutio
considered.

~a! Preplasma stage. The plasma contains dense reg
with dimension r hot and with electron densityNcr
51021cm23. The distance between dense regions isr cold,
and the plasma electron density outside the dense regio
Ncold51020cm23. The temperature of the plasma isTcold for
all regions. The plasma ionization state is stationary and
responds toTcold. The duration of this stage ist1;1 ps.

~b! Main pulse heating stage. The temperature of
dense regions is equal toThot. The parameters of the col
plasma regions and plasma ionization-state remain the s
as in stage~a!. The duration of this stage ist las!t1 .

~c! Decay stage. Hot electrons generated in the dense
gions during stage~b! expand into the entire plasma volum
Plasma parameters in the dense regions are the same
stage~b! (Ne51021cm23, Te5Thot). The plasma has a den
sity 1020cm23 outside of the dense regions, and a bulk te
perature Tcold with a small amount, (r hot/r cold)

3

51020cm23, of hot electrons with a temperatureThot. The
duration of this stage ist2;t1@t las.

These plasma profiles are presented in Fig. 3. They h
been used as a guide for the spectral simulations of pla
emission. Note, that the spectra calculated depend on
plasma densities, temperatures and on the parametet
5t1 /t2 and b5(r hot/r cold)

3. The exact values of these pa
rameters are unknown. Simple analysis provides only an
der of magnitude estimate oft;1 andb;1028– 1026. Val-
ues for both t and b were chosen by comparing th
simulated spectra with experiment.

B. Kinetic calculations

The system of steady-state radiative-collisional rate eq
tions was solved for a uniform plasma with different valu
of plasma parameters. Multicharged argon ions with a to
number of bound electronsm51, 2, 3, and 4 were taken int

FIG. 3. Schematic diagram of the plasma parameter distribu
used for the spectral simulations.
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account. Atomic configurations with principal quantum num
bersn,6 were considered for H-, He-, Li-, and Be-like ion
including autoionizing states. The calculations included
H-like levels, 59 He-like levels, 334 Li-like levels, and 118
Be-like levels. The rate coefficients for the electron collisi
processes were calculated using a model electron-energy
tribution function @19–20#, which includes a provision for
hot electrons. The relatively long thermalization time for h
electrons make it possible to consider them as an elec
beam with a Gaussian distribution centered around an en
E0 . Note that the valueE055 keV was used in the presen
calculations. The relative amount of hot electrons~desig-
nated by f in Figs. 4 and 5! was varied from 0~one-
temperature plasma! to 531025. The plasma emission spec
tra were calculated for spectral region 3.93–4.04 Å, wh
was the region observed experimentally. Examples of
results are presented in Figs. 4 and 5.

n

FIG. 4. X-ray emission as a function of wavelength for arg
plasma with a bulk electron temperatureTe5190 eV and different
values of electron densityNe (1020, 1021, and 1022) and hot electron
fraction f ~0, 1025, 231025, 331025, 431025, and 531025) of
5-keV electrons.
6-4
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Figure 4 shows the dependence of argon emission
plasma electron density. It can be seen from this figure
the one-temperature case (f 50), that increasing the plasm
density up to 1022cm23 does not significantly change th
structure of the plasma radiation in the spectral region n
the Hea line and its satellites.

Figure 5 demonstrates the dependence of spectra on
tron temperature. This figure illustrates that the spectrum
more sensitive to temperature then to the plasma densi
f 50. The figure also shows that the influence of hot el
trons diminishes as the temperature is increased.

From both Figs. 4 and 5 it can be seen that when
electrons are absent (f 50) the intensities of Li-like satellites
k and j are much greater than intensity ofq, r, and a–d
satellites. The domination of the collisionalq, r, and a–d
satellites in the observed spectra are due to enhanced ex
tion in the presence of hot electrons, at the moderate de
ties encountered here. This feature can also be observe
superdense plasmas, but with electron densities that ex

FIG. 5. X-ray emission of argon plasma with an electron den
Ne51021 cm23 and different values of electron temperatureTe and
hot electron fractionf ~0, 1025, 231025, 331025, 431025, and
531025) of 5-keV electrons.
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1023cm23. For example, Fig. 6~a! shows a one-temperatur
steady-state calculation together with the experimental sp
trum. The temperature and density were chosen to give
approximate relative intensities of the resonance, interco
bination, and Li-like satellites. It is obvious that the on
temperature case cannot explain both the structure of Li-
satellites and the existence of Be-like satellites.

C. Comparison of the computational results
with the observed spectrum

Results of kinetic calculations considered above w
used to simulate the plasma emission spectra observed in
experiments. Since the experimental data were obtai
without temporal resolution and the plasma was not hom
geneous, it was necessary to calculate emission spectr
all plasma spatial regions for all moments of time, and
sum the results to produce total plasma radiation. The sp
and temporal properties of the plasma were modeled u
the simple dependencies shown in Fig. 3. The valuesTcold
5190 eV andThot55 keV were used.

Figure 6~b! shows that the experimental spectra are r
resented very well by the simulation if the value oft
5t1 /t2 is chosen to be 1 and the value ofb5(r hot/r cold)

3 is
chosen to be 431027. The discrepancies in the two curve
in Fig. 6~b! can be attributed in part to the presence of t

y

FIG. 6. ~a! Comparison of a calculated spectrum~dashed line!
for a one-temperature (f 50) steady-state argon plasma withTe

5550 eV and Ne51021 cm23, with the experimental spectrum
~solid line! observed in a femtosecond laser-produced plasma.~b!
Comparison of the observed spectrum~thick line! as a function of
wavelength in the region 3.92–4.06 Å, with the result of the sim
lation ~thin line! made for the plasma parameters shown in Fig.
6-5
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Heg line of Ar XVIII (l53.1996 Å) in the experimenta
spectrum. This line is observed in the fifth order of crys
reflection and therefore comes from another spectral reg
and hence is not included in the theoretical result.

The theoretical spectrum presented in Fig. 6~b! is the sum
of spectra emitted by different plasma regions at differe
moments of time. It is very interesting to understand whi
stage of plasma evolution gives the main contribution to t
total plasma emission. In Fig. 7~a!, the simulation results are
presented separately for both stages~a! and ~c!. Note that
duration of stage~b! is so short that its contribution is neg
ligible. It is apparent that the main part of plasma radiation
emitted during stage~c!. The preplasma stage~a! is essential
only for producing the Be-like satellites and Li-like ‘dielec
tronic’ satellitesk, j.

Figure 7~b! illustrates the contributions of the various sp
tial regions that are responsible for the emission of t
brightest stage~c!. This figure shows that most of the He an
Li-like emissions are caused by the most dense plasma
gions, and that the low-density plasma is responsible for
Be-like lines and, again, for thek and j Li-like transitions.

The model has also to calculate plasma emission in
spectral range 3.35–3.45 Å, where the Heb line of Ar XVII is
located. A comparison between the model and experimen

FIG. 7. ~a! Argon plasma emissions caused by different stag
of plasma evolution.~b! Emission of different spatial plasma re
gions during stageC ~after heating by the main fs-laser pulse!.
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shown in Fig. 8~a!. Note that the model, with the same
plasma parameters that were used for calculation in Fig. 6~b!,
gives reasonable agreement with the experimental spectru
Figure 8~b! shows a comparison of the one-temperatur
steady-state model using the plasma parameters of Fig. 6~a!
with experiment. Note that the model cannot adequately d
scribe the experimental data for both the Hea @see Fig. 6~a!#
and the Heb @see Fig. 8~b!# emission.

The model calculations predict that a negligible amount o
H-like Ar XVIII ions were produced in the plasma. This is in
agreement with the fact that Lya Ar XVIII line was not ob-
served.

The good agreement between theoretical and experime
tal data provides proof of the presence of hot electrons
cluster plasmas created by a high-intensity femtosecond la
pulse. In general, it is possible to measure the average h
electron energy from comparison experimental spectra wi
model simulations. However, the dependence of emissi
spectra on the hot-electron energy is approximately defin
by the parameter (r hot/r cold)

3 exp(2Eexc/Thot)/Thot
0.5 and

therefore we must know the ratio (r hot/r cold)
3 which repre-

sents the relative amount of hot electrons for the determin

s
FIG. 8. ~a! Comparison of the spectrum~thin line! observed in

the region of the Heb line ~3.35–3.45 Å!, with the result of the
simulation~thick line! made for plasma parameters shown in Fig. 3
~b! Comparison of Heb emission calculated~dashed line! for a one-
temperature (f 50) steady-state argon plasma withTe5550 eV and
Ne51021 cm23 with experiment~gray line!.
6-6
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tion of Thot. Unfortunately, we cannot obtain this ratio ind
pendently from our measurements.

IV. CONCLUSIONS

In the present paper, we show that the interaction o
high-intensity femtosecond laser pulse having a picosec
prepulse with argon clusters can be successfully used to
tain a bright plasma source of x-ray radiation. Initially,
would appear that our result contradicts the conclusion m
in Ref. @1#. However, there is a big difference between t
experiments carried out in Ref.@1# and those presented her
In Ref. @1# the laser prepulse duration was several nanos
onds. This is enough time to destroy the clusters entirely,
at the arrival of the main pulse there were no plasma reg
near the critical density. Under these conditions, only a sm
amount of the main laser pulse is absorbed by plasma,
hence no x-ray radiation was detected. In the present exp
ments, however, the prepulse duration was only severa
coseconds, which is not long enough to produce a unifo
d
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low-density nonabsorbing plasma. Thus only short prepu
can be used to produce effective ‘‘plasma targets.’’ The cr
cal value for the prepulse durationtcrit depends, of course
on the initial cluster size and on the velocity of cluster e
pansion. Typically, the value oftcrit is about 1 ps.

The cluster target makes it possible to produce plasm
having a moderate ionization state, defined by the la
prepulse flux density of a picosecond duration, and conta
ing a hot-electron fraction whose energy is determined by
flux density of the main femtosecond pulse. It may be p
sible to obtain plasmas with pre-specified conditions
varying the prepulse–pulse intensity ratio. This plas
source can be used to study the spectral transitions drive
high-energy electrons in underionized plasmas, especially
studies of emission by multicharged ions with inner-sh
vacancies.
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