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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-likal Aeso-
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 intensity of the prepulse is significant, and the main laser
pulse interacts with plasma that is already formed by the
Recently there have been many investigations of the inprepulse. In this case, even with solid targets, it is impossible
teraction of radiation from ultrashort laser pulses with bothto create plasmas with near solid density and the main laser
solid and gas targets. These studies provided knowledggulse actually interacts with a “plasma target.” This type of
about fundamental properties of matter under critical conditarget can also be produced when high-intensity subpicosec-
tions, as well as solutions for different applications, such a®nd laser pulses interact with large clusters.
ignition of nuclear reactions, heavy particle acceleration, Irradiation of all types of targets, including solids, gases,
construction of the bright x-ray sources for medicine, biol-clusters, and plasma, by a subpicosecond laser-produces a
ogy, lithography, etc.; see, for example, R¢fs-3]. bright source of x-ray radiation, which is caused by colli-
There are very significant differences between the intersions of plasma electrons with ions resulting in the popula-
action physics observed in solid and gas targets, and thiéon of excited atomic levels that consequently emit through
plasma conditions produced in these two media are correspontaneous decay. The main radiative features of these plas-
spondingly quite distinct. Solid targets irradiated by high-mas are observed in the resulting emission spectra. Hence
intensity subpicosecond laser pulses can produce near-sotidray spectroscopy is used extensively for diagnostic studies
density plasmas with electron temperatures of several huref subpicosecond laser-produced plasmas, and most of the
dreds of eV. In contrast, monatomic gas targets are ineffiinformation on the properties of such plasmas was obtained
cient absorbers of laser radiation, and relatively cold plasmassing this experimental technique. Distinct differences in the
with temperatures well below 100 eV are produced mainlyobserved spectra show the dominant role of processes that
by multiphoton and field ionization processes. There are avere of little importance for plasmas created by nanosecond
number of targets that might prove suitable to fill gap be-laser pulses. The most significant differences were found in
tween solids and gases. Atomic clusters are an importaritigh-contrast subpicosecond laser pulse interactions with
candidate because they can be produced in a broad range siflid target§13—17. In this case, the effective formation of
sizes from a few atoms to well in excess of 1 000 000 atom$so-called” hollow ion states occurs due to high plasma
per cluster. Some aspects of cluster behavior in intense lasdensity, and the x-ray emission spectra differs drastically
field are similar to those of solids or gases, but they alsdrom analogous spectra observed in experiments with nano-
show several quite unique effects; see, for example, IRefs. second lasers.
3-12. An additional characteristic of subpicosecond laser-
In addition to the target state, the properties of the laseproduced plasmas is not only superhigh density but also the
pulse are also important for determining the physics of intergeneration of fast ions and electrons. The presence of fast
action of ultrashort laser pulses with matter. For exampleparticles must also affect the emission spectra. For example,
one very important property is the amount of prepulse thatast motion of ions must lead to deformation of spectral line
precedes the main pulse. Contrast is defined as the flux deprofiles due to the Doppler effeft0,11,1§, while fast elec-
sity of the prepulse divided by that of the main pulse. If thetrons can change the ion population kinetics and conse-
contrast of a subpicosecond pulse is relatively small, then thquently change the relative intensities of various spectral
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lines; see, for example, Refel9-21]. Solid targets are not 100

optimal for observing these effects because high-density ArFXL\‘/II

plasma can mask the role of fast particles. Ar XVI
In the present paper, we study the effect of fast electrons

o
on the x-ray emission spectra of a femtosecond laser-
produced-plasma for a “plasma target” that was created by 801 — ns-laser plasma

clusters. A simple physical model for the plasma dynamics is .

the interaction of picosecond laser prepulse with large argor w
proposed in conjunction with detailed quasistationary

s . L. . . fs-laser plasma
collisional-radiative kinetics calculations. The model is

shown to correctly describe the x-ray spectrum that is ob- 3 Ar XV /
served. An estimate of the number of fast electrons and the@ am

plasma conditions are obtained by comparing the calculatec®
and experimental spectra.
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Il. EXPERIMENTAL SETUP

The experiments were performed on the UHI10 laser. It is R |
a two-beam 10-Hz Ti:sapphire laser system with wavelength 20 A
A=800nm. The main beam has a 10-TW peak power. The
low-energy ultrashort pulse is produced by a modified com- |
mercial Ti:sapphire oscillator that is stretched up to 300 ps

by an aberration-free Offner stretcher. After four amplifica- 0 e —
tion stages, the pulse energy is about 1.8600 mJ after 390 395 400 405 410 415 420 495
recompression The pulse is then recompressed down to 60 o

fs in a vacuum chamber that is directly connected to the A (A)

experimental chamber. A small amount of the energy is FIG. 1. X-ray emission as a function of wavelength for argon

peaked up between the third and fourth amplifiers, and | Iisma created at different plasma installations: ns-laser-produced
then sent to a second compressor. This beam has a 4-rgJc 4 [25], plasma focus[26], and fs-laser-produced plasma

energy(after recompressionand the pulse is recompressed (,resent work
in air. The contrast is measured to be about®Lat 1 ps on
the main beam with a high dynamic cross-correlator. The y , of H-like Ar (3.72-3.82 A are in this spectral range,
post-pulse and prepulse amplitudes are less tha.10he  and correspond to the fifth order of the mica crystal reflec-
80-mm-diameter laser beam is focused with f#.25 off-  tion. The crystal of the second spectrometer was placed 300
axis parabolic mirror. The &f focal spot radius isw, ~ mm from the plasma. The middle Bragg angle was 56.6°.
=25um (M?~4). The corresponding Rayleigh length and The fifth order of mica crystal reflection allowed recording
vacuum intensity are 60@m and 7x 10'"W/cn?, respec- the spectra near the-n’ =3-1, and 4-1 transitions of He-
tively. like Ar xvii. The spectral range between the Had K, Ar
A cluster target was formed by the adiabatic expansion inines was observed in the fourth order of crystal reflection. It
vacuum of an argon gas puff produced by a pulsed valvghould be noted that our attempts to observe thglinge of
with a conical nozzle. Three nozzles with different sizes ofH-like Ar xvil were unsuccessful.
input and output holes were tested. The length of the expan- The theoretical spectral resolution of the fourth and fifth
sion zone was also optimized. Only the arrangement with @eflection orders of mica crystal approachetSx ~10 000
1-mm input diameter, a 8-mm output diameter, and a 20-mnfior the present of geometry. The x-ray spectral images of Ar
expansion length created the appropriate conditions to obtaiave been obtained with a demagnification of about 2.1-2.3
a spectrum featuring the x-ray emission from multichargecand a spatial resolution around 30—46 in the direction of
ions. The laser was focused at the vacuum-gas interfac@ropagation of the laser in the cluster jet, which is consistent
about 1.5 mm below the nozzle. The gas jet was charactemwith the focusing properties of the spherically bent crystal.
ized by laser interferometry. The density profile has a Gaussthe spectra were recorded on Kodak DEF film. The film
ian shape with a 4-mm widtitat 1), and a peak atom cassette was protected by two layers gir-polypropylene
density of 4.6< 10'"8cm ™ for a maximum gas backing pres- covered by 0.2um of Al, and by a 7um Be filter.
sure of 15 bar. An example of the spectra obtained in this experiment is
Spatially resolved x-ray spectra of argon in the spectrakhown in Fig. 1. Spectra observed from earlier experiments
range 3.35-4.2 A were obtained by means of two focusingire also shown in this figure. These include emission from an
spectrometers with spatial resolution; see R¢®2-24.  argon plasma created by a nanosecond 486t and a
Spherically bent mica crystals with a radius of curvatiRe, plasma focus dischardé6]. It is clear from the graphic that
=150 mm, were used in these spectrometers. The crystal adfie emission spectrum of the femtosecond laser-produced
the first spectrometer was placed 250 mm from the plasmalasma is similar to spectrum radiated from plasma focus.
The middle Bragg angle was 71.7°. Wavelengths near th@hat is, in both cases there are intense satellite structures

032706-2



HOT-ELECTRON INFLUENCE ON THE X-RAY ... PHYSICAL REVIEW A63 032706

caused by transitions in multielectron argon idiEe-like,

B-like, and C-likg. However, the nanosecond laser-producec
plasma contains mostly emission from only He-like and Li-
like argon ions. Moreover, the relative intensities of different
Li-like satellites in the femtosecond laser-produced plasmi
are very similar to those observed in the plasma focus. The
is, the intensity of “collisional” satellites designateg] r,

anda-—d are greater than the “dielectronic” satellites desig-
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the nanosecond plasma, where the intensities of collision: :
satellites are much less intense than the dielectronic sate - !
lites. In review, the main features of the plasma focus are
relatively low plasma temperature and the presence of
powerful electron beam, and these two factors make it pos
sible to describe the experimentally observed spg@6a.
Therefore, it is reasonable to assume that the same featur N,
can be attributed to femtosecond laser-produced plasma. It
shown in the present work that this assumption is also ad
equate for the interaction of the low-contrast femtosecont
laser pulse with argon clusters.

Ill. RESULTS AND DISCUSSION

A. Model of plasma dynamics

Consider the interaction of a high-intensity low-contrast
femtosecond laser pulse with argon clusters. In the present FIG. 2. Plasma creation by a femtosecond laser pulse with a

experiments, the laser pulse contrast was abouf 1his icosecond prepuls€a) Plasma parameters formed by a prepulse.

megmlsg that laser flux density in the_ pr_epul;e was abo B) Additional dense plasma regions heated by the main pulse.
10*2-13w/cn?. Values of the flux density in this range are

enough to destroy clusters and to create plasmas with elecantly changed during plasma heating because of the short
tron temperatures of a few hundred eV. The spatial distribuduration of the femtosecond pulse.
tion of electron density and temperature in the preplasma is After the main pulse ends, hot electrons persist in the
formed during the expansion of the clusters heated by thplasma. The relative amount of these electrons is about
prepulse. This is shown schematically in Figa)2 at the  (rpo/f cod>~10"8—108. The temperatures of these elec-
moment just before the arrival of the main pulse. The time otrons range from 5 to 10 keV according to previous calcula-
collisional ionization is about 1 ps or less for all argon ionstions [27,28. It is important that the thermalization time
with the number of bound electrons greater than 2, assumingcale for these electrons is in excess of tens of picoseconds
the ionization processes occur in clusters initially having apeven in plasmas with critical densities of 226m~3, and
proximately solid density. This means that the preplasmaheir mean free path is greater than several hundred microns.
formed must contain He-, Li-, and Be-like argon ions, etc.,This means that there will exist both low and high density
with an approximately steady ionization state. Note that negregions in the plasma for an extended period of time after the
ligible amounts of H-like Axviil ions are created by the end of femtosecond pulse. A low-density plasma character-
laser prepulse because the ionization rate fet hell is  ized by two temperatures will exist where most of the elec-
orders of magnitude smaller than it is for electrons intthe trons will possess an electron temperatliggy (a few hun-
=2 shell. dred eV} and a small fraction of electrons will possess an
The main femtosecond laser pulse then interacts with thelectron temperatur@},,; (on the order of a several keV
nonuniform preplasma. The energy is mainly absorbed in thélso, a denser and hotter localized plasma will exist with
preplasma by spatial regions where the electron density i'emperatureT,=T,, and with a nonstationary ionization
greater than or equal to the critical density associated witlstate corresponding to temperatdigy. Note that hot elec-
the laser frequency. As a result, the plasma temperature tsons will not only be present in the initial hot spot regions,
sharply increased to a few keV in a small volume withinbut they will occupy the entire plasma volume because the
some characteristic dimensiaf, while the plasma tem- free path of the hot electrons is greater than total plasma size.
perature in the other regions remains I¢see Fig. 2b)]. The simplified picture of plasma dynamics described
Thus, during the action of the main pulse, some hot spots argbove is rather complicated. It is possible to construct a sim-
created in the plasma. The distanggy between these hot pler model more suitable for calculating the emission spec-
spots is approximately equal to the distance between clustetsa. This model is based on the above considerations, and
in the jet, and the dimensian, has the same order of mag- takes into account the main features of the interaction of
nitude as the initial cluster size. This is a very importantlaser pulse with the clusters, but it uses a very simple de-
point because the bulk plasma ionization state is not signifiscription of the temporal and spatial distribution of the
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FIG. 3. Schematic diagram of the plasma parameter distributior S
used for the spectral simulations. E

plasma parameters. Here three stages of plasma evolution &
considered.

(a) Preplasma stage. The plasma contains dense regiol
with dimension ry,; and with electron densityNg,
=10’ cm 3. The distance between dense regions dsy,
and the plasma electron density outside the dense regions
Neoig=10?°cm™3. The temperature of the plasmalig,q for
all regions. The plasma ionization state is stationary and cot
responds tol ., 4. The duration of this stage ig~1 ps.

(b) Main pulse heating stage. The temperature of the
dense regions is equal {D,,. The parameters of the cold
plasma regions and plasma ionization-state remain the san -
as in stag€a). The duration of this stage ig,<t;. 3.94 3.98 402 LA

(¢) Decay stage. Hot electrons generated in the dense re- FIG. 4. X-ray emission as a function of wavelength for argon

gions during stagéb) expand into the entire plasma volume. lasma with a bulk electron temperatufg=190 eV and different

Plasma parameters in the dense regions are the same as\?érllues of electron density, (10%°, 10, and 16?) and hot electron

stage(b) (Ne=10"" cm™>, Te=Tp,). The plasma has a den- ¢ - " (0, 10°5, 2x10°5, 3x 105, 4% 1075, and 5< 10-5) of
sity 10?°cm™? outside of the dense regions, and a bulk tem-z o\ electrons. ' ’ '

perature Teyq With a small amount, o/l o)’ '
=10cm 3, of hot electrons with a temperatufig,,. The

Intensity (arb. units)
/ L
Z
[
=
OI\)
3

duration of this stage i~t,>1 account. Atomic configurations with principal quantum num-
~l1* Yas- ; _ i lilka i
These plasma proffes are presented in Fig. 3 They haiie, Hlid SooEcees o T eluded 25
been used as a guide for the spectral simulations of plasn]ga| : 9 9 : -
o -like levels, 59 He-like levels, 334 Li-like levels, and 1188

emission. Note, that the spectra calculated depend on t : o -

o e-like levels. The rate coefficients for the electron collision
plasma densities, temperatures and on the parameters . .

processes were calculated using a model electron-energy dis-

= — 3 )

t/t; and = (no/Tcoid)”. The exact values of these pa tribution function[19-20, which includes a provision for
rameters are unknown. Simple analysis provides only an ot electrons. The relatively long thermalization time for hot
der of magnitude estimate ef-1 andB~10 8-10©. val- ' y 'ong

ues for bothr and B were chosen by comparing the electrons make it possible to consider them as an electron
) . . y parnng beam with a Gaussian distribution centered around an energy
simulated spectra with experiment.

Ey. Note that the valu&,=5 keV was used in the present
o _ calculations. The relative amount of hot electrdidesig-
B. Kinetic calculations nated byf in Figs. 4 and 5 was varied from O(one-
The system of steady-state radiative-collisional rate equatemperature plasmao 5x 10~ °. The plasma emission spec-
tions was solved for a uniform plasma with different valuestra were calculated for spectral region 3.93-4.04 A, which
of plasma parameters. Multicharged argon ions with a totalvas the region observed experimentally. Examples of the
number of bound electroma=1, 2, 3, and 4 were taken into results are presented in Figs. 4 and 5.
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FIG. 6. (a) Comparison of a calculated spectrydashed ling
for a one-temperaturef €0) steady-state argon plasma willy
T =220eV =550eV andN,=10"cm™3, with the experimental spectrum
€ (solid line) observed in a femtosecond laser-produced plaghja.
Comparison of the observed spectrytiick line) as a function of
wavelength in the region 3.92-4.06 A, with the result of the simu-
lation (thin line) made for the plasma parameters shown in Fig. 3.

Intensity(arb. units)

3.94 3.98 402 A (A) 1022cm 3. For example, Fig. @) shows a one-temperature

FIG. 5. X-ray emission of argon plasma with an electron densitySteady'State calculation together _With the experimenta} Spec-
N.=10?*cm 2 and different values of electron temperatiygand ~ JUM. The temperature and density were chosen to give the
hot electron fractiorf (0, 10°5, 2x10°5, 3x10°5, 4x10°5, and  @PProximate relative intensities of the resonance, intercom-
5% 10°5) of 5-keV electrons. bination, and Li-like satellites. It is obvious that the one-

temperature case cannot explain both the structure of Li-like

. o satellites and the existence of Be-like satellites.
Figure 4 shows the dependence of argon emission on

plasma electron density. It can be seen from this figure for

the one-temperature case<{0), that increasing the plasma

density up to 1&cm 2 does not significantly change the

structure of the plasma radiation in the spectral region near Results of kinetic calculations considered above were

the He, line and its satellites. used to simulate the plasma emission spectra observed in our
Figure 5 demonstrates the dependence of spectra on eleexperiments. Since the experimental data were obtained

tron temperature. This figure illustrates that the spectrum isvithout temporal resolution and the plasma was not homo-

more sensitive to temperature then to the plasma density @eneous, it was necessary to calculate emission spectra for

f=0. The figure also shows that the influence of hot elecall plasma spatial regions for all moments of time, and to

trons diminishes as the temperature is increased. sum the results to produce total plasma radiation. The spatial
From both Figs. 4 and 5 it can be seen that when hoaind temporal properties of the plasma were modeled using

electrons are absent+ 0) the intensities of Li-like satellites the simple dependencies shown in Fig. 3. The valligg

k andj are much greater than intensity gf r, and a—d =190eV andT,,=5 keV were used.

satellites. The domination of the collisiong) r, and a—d Figure 8b) shows that the experimental spectra are rep-

satellites in the observed spectra are due to enhanced exciteasented very well by the simulation if the value of

tion in the presence of hot electrons, at the moderate densi=t, /t, is chosen to be 1 and the value &% (r o/l coi0)® IS

ties encountered here. This feature can also be observed dhosen to be 410 . The discrepancies in the two curves

superdense plasmas, but with electron densities that exce@d Fig. 6(b) can be attributed in part to the presence of the

C. Comparison of the computational results
with the observed spectrum
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FIG. 8. () Comparison of the spectrufihin line) observed in
FIG. 7. () Argon plasma emissions caused by different stageshe region of the Hg line (3.35-3.45 A, with the result of the
of plasma evolution(b) Emission of different spatial plasma re- simulation(thick line) made for plasma parameters shown in Fig. 3.
gions during stag€ (after heating by the main fs-laser pulse (b) Comparison of Hg emission calculatettiashed lingfor a one-
temperature f{(=0) steady-state argon plasma wiih=550 eV and

He, line of Arxvii (A=3.1996A) in the experimental Ne=1C%*cm™* with experimentgray ling.
spectrum. This line is observed in the fifth order of crystal
reflection and therefore comes from another spectral regiorshown in Fig. 8). Note that the model, with the same
and hence is not included in the theoretical result. plasma parameters that were used for calculation in K, 6
The theoretical spectrum presented in Figh)6s the sum  gives reasonable agreement with the experimental spectrum.
of spectra emitted by different plasma regions at differentrigure 8b) shows a comparison of the one-temperature
moments of time. It is very interesting to understand whichsteady-state model using the plasma parameters of Fag. 6
stage of plasma evolution gives the main contribution to thevith experiment. Note that the model cannot adequately de-
total plasma emission. In Fig(&, the simulation results are scribe the experimental data for both the Hisee Fig. €3]
presented separately for both stagasand (c). Note that —and the Hg [see Fig. 80)] emission.
duration of stagéb) is so short that its contribution is neg- ~ The model calculations predict that a negligible amount of
ligible. It is apparent that the main part of plasma radiation igH-like Ar xviii ions were produced in the plasma. This is in
emitted during stagéc). The preplasma staga) is essential agreement with the fact that byAr xvii line was not ob-
only for producing the Be-like satellites and Li-like ‘dielec- served.
tronic’ satellitesk, j. The good agreement between theoretical and experimen-
Figure 7b) illustrates the contributions of the various spa- tal data provides proof of the presence of hot electrons in
tial regions that are responsible for the emission of thecluster plasmas created by a high-intensity femtosecond laser
brightest stagéc). This figure shows that most of the He and pulse. In general, it is possible to measure the average hot-
Li-like emissions are caused by the most dense plasma re&lectron energy from comparison experimental spectra with
gions, and that the low-density plasma is responsible for thenodel simulations. However, the dependence of emission
Be-like lines and, again, for theandj Li-like transitions. spectra on the hot-electron energy is approximately defined
The model has also to calculate plasma emission in thby the parameter r{o/r coid® €Xp(—Eexe/ Thod/ Toa and
spectral range 3.35-3.45 A, where thegHiae of Arxvii is  therefore we must know the ratio o/t coi) > Which repre-
located. A comparison between the model and experiment isents the relative amount of hot electrons for the determina-
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tion of Ty,e,. Unfortunately, we cannot obtain this ratio inde- low-density nonabsorbing plasma. Thus only short prepulses
pendently from our measurements. can be used to produce effective “plasma targets.” The criti-

cal value for the prepulse duration,;; depends, of course,
V. CONCLUSIONS on th.e initial .cluster size and on t.he velocity of cluster ex-
pansion. Typically, the value of,; is about 1 ps.

In the present paper, we show that the interaction of a The cluster target makes it possible to produce plasmas
high-intensity femtosecond laser pulse having a picosecondaving a moderate ionization state, defined by the laser
prepulse with argon clusters can be successfully used to offrepulse flux density of a picosecond duration, and contain-
tain a bright plasma source of x-ray radiation. Initially, it ing & hot-electron fraction whose energy is determined by the
would appear that our result contradicts the conclusion madgUx density of the main femtosecond pulse. It may be pos-
in Ref. [1]. However, there is a big difference between thesible to obtain plasmas with pre-specified conditions by

experiments carried out in RdfL] and those presented here. varying the prepulse—pulse intensity ratio. This plasma

In Ref.[1] the laser prepulse duration was several nanoserﬁ?urce can be used to.study the ;pectral fransitions dr_iven by
onds. This is enough time to destroy the clusters entirely, an |gh.—energy elgct_rons N undenomzed plasmag, espeC|aIIy for
at the arrival of the main pulse there were no plasma regionStudies of emission by multicharged ions with inner-shell
near the critical density. Under these conditions, only a smalf3cancles.

amount of the main laser pulse is absorbed by plasma, and ACKNOWLEDGMENT

hence no x-ray radiation was detected. In the present experi-

ments, however, the prepulse duration was only several pi- This work was performed, in part, under the auspices of
coseconds, which is not long enough to produce a unifornthe U.S. Department of Energy.
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