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1. Studies of the interaction of intense laser pulses
with cluster targets are of current interest. On one
hand, these studies provide information on the funda�
mental properties of matter under extreme conditions.
On the other hand, these studies make it possible to
use new approaches to achieve a number of applied
purposes, such as the initiation of nuclear reactions,
the acceleration of electrons and heavy particles, and
the creation of a bright X�ray source for biomedical
and lithographic applications.

The use of cluster targets imposes constraints on
the duration of a laser pulse. The interactions will
obviously be efficient if a cluster is not completely
destroyed during the pulse, i.e., the density of the clus�
ter does not become lower than the critical value due
to a Coulomb explosion. For all reasonable sizes of
clusters, this condition means that the duration of the
laser pulse should be in the femtosecond or subpico�
second range; i.e., only ultrashort laser pulses can effi�
ciently interact with clusters.

However, even in this case, the cluster should not
be too small, because the ultrashort laser pulse always
involves a pre�pulse, usually with picosecond dura�
tion. The contrast of the laser pulse, i.e., the ratio of
the power of laser radiation in the maximum of the
femtosecond pulse to the power of the pre�pulse, is
normally no larger than 104–106 and even smaller
without special measures. This means that, if the main

pulse is fairly intense (experiments are usually per�
formed at flux densities qlas > 1017–1018 W/cm2), the
flux density in the pre�pulse is no lower than 1013–
1014 W/cm2 and is sufficient to destroy the cluster,
even before the arrival of the main pulse. For the main
pulse to interact with the dense core of the cluster, its
size should be about 1 μm. The most interesting results
have been obtained recently for clusters of this size
(see, e.g., [1–14]).

FS laser pulses with a superhigh contrast of about
1010–1011 have recently become available [15–22]. In
this case, the laser pre�pulse does not destroy the clus�
ter and the high interaction efficiency can be ensured
for much smaller clusters. For example, if the duration
of the pulse is 1 ps, the cluster size can be as small as
0.1 μm. Since the thickness of a skin layer for the wave�
length of most widespread lasers is about this size, the
use of not too large clusters makes it possible to study
a quite different type of interaction, notably the inter�
actions at which the entire bulk of the cluster, rather
than its skin layer, is heated as a whole. This interac�
tion is called the laser–cluster interaction, unlike the
previously studied interaction, which is more correctly
called the laser–droplet interaction. We emphasize
that experiments with this process have only become
possible due to the creation of femtosecond lasers with
superhigh contrast.
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The aim of this work is to examine this interaction.
The performed experiments allow us to analyze the
differences in the emission X�ray spectra of argon
clusters excited at laser–cluster and laser–droplet
interactions for the first time. X�ray spectral methods
are proposed to determine the parameters of the
appearing plasma at the early stages of its evolution. It
is shown that, in the first moments of the heating of a
cluster, the spectra of hollow ions are most informa�
tive, whereas the diagnostics of the late stages can be
performed using the conventional lines of multi�
charged ions.

2. Experiments were carried out at the Xtreme
Light III (XL–III) laser facility at the Institute of
Physics, Chinese Academy of Sciences. A Ti: sapphire
laser, which operated in the chirped scheme, gener�
ated linearly polarized pulsed radiation at a wave�
length of 800 nm with an energy of up to 1 J and a
duration of about 100 fs. The contrast of laser radia�
tion at a scale of hundreds of picoseconds from the
100�fs main pulse was increased to 1010 by using the
so�called OPCPA scheme [23]. This laser contrast is
almost four orders of magnitude higher than the typi�
cal contrast of previously used laser facilities.

A laser beam was focused in a vacuum chamber by
an off�axis parabolic mirror (f/2.0) onto a pulsed gas�
cluster argon target (Fig. 1a). The size of the focal spot
on the target in vacuum at the 1/e2 intensity level was
about 7 μm and the laser energy flux density reached
qlas = 2.6 × 1019 W/cm2. To produce clusters, a conical
nozzle 6 mm in length with the input and output holes
with diameters of 1.0 and 2.0 mm, respectively, was
used. A supersonic pulsed argon jet was produced at
the output of the nozzle. The pressure of the gas sup�
plied to the nozzle was optimized to increase the yield
of clusters with a radius of Rcl ~ 0.15 μm. To this end,
we performed calculations with software packages
used to describe gas�dynamic processes in nozzles that
form two�phase jets [24, 25]. According to the calcu�
lations, a cluster diameter of 0.3 μm and a maximum
atomic density of NAr ~ 1.5 × 1020 cm–3 at a distance of
1 mm from the nozzle edge are achieved at a gas pres�
sure of 70 bar. The experiment indicated that the max�
imum X�ray emission was observed at this gas pressure.

X rays from the plasma produced at the interaction
of laser radiation with argon clusters were detected by
a focusing spectrometer with spatial resolution
(FSSR) [26–28] based on a 10–20 quartz crystal (2d ~
4.9 Å) bent over a spherical surface with a radius of R =
150 mm (Fig. 1a). The spectrometer was used in the
FSSR�1D regime in which the detector is placed on
the Rowland circle and the spectral resolution is inde�
pendent of the source size. The position of the spec�
trometer ensured the detection of spectra with the spa�
tial resolution along the axis of the laser beam. The
central wavelength was λ0 = 3.9 Å. The spectral detec�
tion range was 3.7–4.25 Å. The distance from the
focusing point of laser radiation to the center of the
crystal was a = 449.4 mm. The spectral resolution of
the spectrometer was no worse than ~3000 and the
spatial resolution was δx ~ 50 μm. A DX�440 X�ray
CCD camera with a pixel size of 13.5 μm was used as
a detector. The sensitive area of the camera was pro�
tected from the visible and ultraviolet radiation by two
layers of 1�μm polypropylene filter coated on both
sides by a 0.2�μm aluminum film. Figure 1b shows the
typical densitogram of the spectrum in the wavelength
range 3.9–4.3 Å.

The X�ray spectrum in a wide energy range was
measured by a 16�bit CCD that operated in the single

Fig. 1. (a) Layout of the experiment. (b) Typical densito�
gram of the spectrum of the argon plasma in the wave�
length range 3.9–4.3 Å, which was detected by the FSSR
spectrometer. (c) Broadband X�ray spectrum that was
detected by a CCD in the single count mode.
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count mode and was placed at a distance of about
1.2 m from the plasma (Fig. 1a). The detector was
screened by 30�μm Be and 12.5�μm Al filters in order
to cut off low�energy photons. In order to deflect hot
electrons accelerated in the laser plasma, an additional
strong magnet was placed between the plasma and
detector. Figure 1c shows a spectrum recorded by this
instrument.

3. In our previous works [21, 29–31], the spectra of
the argon plasma were studied in the laser–droplet
interaction regime. It was found that various stages of
the evolution of the produced plasma contribute to the
observed time�integrated X�ray emission spectrum.
The long�wavelength part of the spectrum shown in
Fig. 1b is formed at the initial heating stage by the
densest regions that are not strongly heated, whereas
the short�wavelength part is formed by the less dense,
hotter plasma at the much later stage. Since the size of
clusters in those experiments was about 1 μm, i.e., was
much larger than the thickness of the skin layer, the
heating of the cluster was nonuniform. When its sur�
face layer had been already heated to a high tempera�
ture and began to expand, the inner part still remained
cold and immobile.

In the case under consideration, all parts of the
cluster will be heated simultaneously and the plasma
created at the heating stage will be much more uni�
form. Using the previously developed stationary
kinetic model and the atomic constants calculated for
argon ions [21], we can calculate the emission spec�
trum corresponding to this stage of the plasma evolu�
tion. Until the cluster does not noticeably expand (i.e.,
until time τexp ~ Rcl/vion ~ 150 fs at a typical value of
vion ~ 108 cm/s), its atomic density can be treated as
constant NAr = 2.1 × 1022 cm–3. In this case, the spec�
trum will depend on only one parameter, i.e., the elec�
tron temperature Te of the plasma, because its electron
density (and the ionization degree) will be determined
by the balance equations. According to the model pro�
posed in [21], we include the 1% fraction of hot elec�
trons with a mean energy of 7 keV into the kinetic
equations. The spectra calculated for various temper�
atures in the range of 10–100 eV are shown in Fig. 2a.

The spectral range shown in Fig. 2a (see also
Fig. 1b) includes three broad spectral structures with
the average wavelengths of 4.11–4.13, 4.14–4.15, and
4.18–4.20 Å. Each of these structures can generally
consist of a number of various spectral transitions both
well known transitions (Kα lines and dielectronic sat�
ellites) and transitions the study of which has begun
only recently (transitions in hollow ions or hypersatel�
lites [15, 16, 21, 29–36]). The Kα1 (4.1918 Å) and Kα2

(4.1947 Å) lines of the neutral atom are in the right
structure. This structure includes the F�like satellites
1s2s22p6–1s22s22p5. The central structure includes the
O�like satellites 1s2s22p5–1s22s22p4, and the N�like
satellites 1s2s22p4–1s22s22p3 enter into the left struc�

ture. In addition, the right, central, and left structures
can include hypersatellites of the types

respectively, which are transitions in KL hollow ions
(for details, see [15, 16, 21, 29–36]).

It can be seen in Fig. 2a that an increase in the tem�
perature of the plasma is accompanied by a noticeable
change in the emission spectrum. This change for the
right structure is mainly manifested in the shift of the
position of its center of gravity, whereas the relative
intensities of the central and left structures increase.
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Fig. 2. (a) Emission spectra of the argon plasma that are
calculated in the stationary kinetic model for various tem�
peratures. (b) Contribution of transitions in hollow ions to
the emission spectrum. (c) Spectra at a fixed temperature
for various electron densities.
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To determine the contribution to the emission
spectrum from radiative transitions of various types,
we perform calculations disregarding transitions in
hollow ions. These calculations showed that, for low
temperatures below 50 eV, the emission spectrum
almost completely consists of lines of hollow ions. At a
temperature of 100 eV, hollow ions completely deter�
mine the right spectral structure, make an approxi�
mately 50% contribution to the intensity of the central
structure, and are hardly manifested in the left struc�
ture (see Fig. 2b). Thus, the emission of clusters at low
temperatures is almost completely determined by
transitions in hollow ions; moreover, their contribu�
tion in the longest�wavelength part of the spectrum
under consideration is noticeable even for the high�
temperature plasma.

Figure 2c shows the emission spectra at a fixed
temperature for various plasma densities. It can be
seen that an increase in the density leads to a decrease
in the plasma ionization degree. This is obvious
because an increase in the density is accompanied by a
fast increase in the collisional recombination rate and
by a transition from the coronal ionization equilibrium
to the Saha equilibrium. Note that the effect of an
increase in Ne on the emission spectrum is similar to
that of a decrease in Te because, in both cases, the
plasma ionization degree decreases.

The spectra of hollow ions can be used for the diag�
nostics of the heating of clusters at the stage of the
action of the main laser pulse. If spectra are recorded
without time resolution, the observed spectrum will be
naturally determined by a continuous set of tempera�
tures, rather than one temperature. It can be assumed
that the temperature in the heating process increases
monotonically according to an increase in the
absorbed laser energy to a certain maximum value Tmax

and the integral of emittance over time, which will
depend on Tmax, can be calculated. After that, we can
try to obtain the best description of the long�wave�
length part of the observed spectrum by varying Tmax.

The best agreement for this experiment was obtained
with Tmax = 100 eV (Fig. 3). Note that the MUTA
approximation used within the software packages
[37–41] results in a small discrepancy between the cal�
culated and measured spectra. In this case, the most
important characteristic is the integral emittance of
the plasma in each of the spectral structures under
consideration.

It is interesting to compare this result with the pre�
vious result for larger clusters. Recall that the long�
wavelength part of the spectrum is well simulated in
[21] by a set of much lower temperatures (10–30 eV).
This indicates that, in the case of the laser–droplet
interaction, the dense core of the cluster remains
unheated, even after the end of the heating pulse and
the average temperature at this stage is noticeably
lower. This is also confirmed by the very high intensity
of the Kα lines detected in the experiment reported in
[21], because hot electrons and neutral argon atoms
should be simultaneously present for the emission of
these lines. In the case of the laser–cluster interaction,
hot electrons appear simultaneously with the fast ini�
tial ionization of argon atoms by the optical laser field
in almost the entire volume of the cluster. In other
words, to the time of the appearance of hot electrons,
all argon atoms are ionized and a Kα line cannot be
emitted. A low�intensity Kα line is present in the spec�
tra observed in this work for two reasons. First, the size
of the cluster is slightly larger than the thickness of the
skin layer (i.e., this is not the case of the pure laser–
cluster interaction). Second, the Kα line was emitted
by cold clusters located near the focal spot, which were
bombarded by fast electrons generated in the central
region of the focal spot.

It was shown in [21] that the short�wavelength part
of the spectrum shown in Fig. 1b is determined by the
times at which clusters have already expanded and
formed a quite uniform plasma channel. The plasma
parameters at this stage of its evolution can be deter�
mined from this part of the spectrum. As in the pre�
ceding case, the time dependence of the plasma
parameters should be taken into account and the time�
integral spectrum should be simulated by the sum of at
least several points in the density and temperature.
Recall that, in [21], the spectrum was simulated by the
sum of two plasma contributions with temperatures of
2000 and 600 eV. For the present experiment, the sum
of two plasma contributions is also necessary, but with
much lower temperatures of 600 and 100 eV (Fig. 4).
Note that the above remark regarding the accuracy of
the calculation of the spectral transition positions also
concerns this spectral section.

The question arises as to why a plasma channel
with a much lower temperature appears in this experi�
ment, where the flux density of laser radiation was
higher than that in [21]. The answer to this question is
associated with the existence of the long trailing edge
of the heating laser pulse, i.e., with the so�called post�

Fig. 3. Detected and calculated spectra for wavelength
range 4.13–4.20 Å.
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pulse. As was shown in [42, 43], the formation of the
plasma channel is nonadiabatic and the temperature
of the plasma at this stage increases due not only to the
thermalization of hot electrons, but also to the heating
of the plasma by the post�pulse. An increase in the
contrast of the laser pulse affects only the suppression
of the pre�pulse and does not affect the post�pulse.
Dense plasma regions with the supercritical density in
very large clusters remain to the time of the end of the
main laser pulse. As a result, the post�pulse is effi�
ciently absorbed and the temperature of the plasma
increases. The efficiency of the absorption of the post�
pulse in smaller clusters is lower and the heating of the
plasma weakens. The lower final temperature in this
experiment is confirmed by analyzing the broadband
spectrum detected using the X�ray CCD (see Fig. 1c).
In [21], this spectrum corresponded to an average
temperature of 2000 eV, whereas in this experiment, it
is well described with a temperature of 300 eV. Note
that the intensity of the Heβ line at this temperature
should be lower than noise; i.e., this line should be
invisible, which is confirmed in this experiment.

4. To summarize, the reported experiments make it
possible to analyze for the first time differences in X�
ray emission spectra of argon clusters excited at the
laser–cluster and laser–droplet interactions. The con�
clusions are as follows.

In contrast to the laser–droplet interaction, all
parts of a cluster are heated simultaneously in the case
of the laser–cluster interaction. The resulting plasma
is more uniform and has a higher average temperature
at this stage.

The stage of the interaction with the laser pulse
makes the main contribution to the emission of the
plasma in the wavelength range between Kα lines and
O�like satellites. The spectra of hollow ions play the
key role. Since the spectra of hollow ions are sensitive
to the plasma parameters, they can be used for the
plasma diagnostics at this evolution stage.

The heating of the plasma by the post�pulse is of
significant importance at the stage of the formation of
the plasma channel (after the end of the main laser
pulse). Correspondingly, the final temperature of the
plasma increases noticeably with an increase in the
initial size of the cluster; this behavior ensures a more
efficient absorption of the post�pulse. The spectral
lines of He�like ions and their Li�like satellites can be
used for the diagnostics of the parameters of the
plasma channel.
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