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Abstract

It is shown that various spectroscopic methods based on measurements of X-ray spectra radiated from cluster targets can be
used for estimation of the destruction degree of clusters by laser prepulses. These methods allow insight to be gained
regarding the important issue of preservation of the dense cluster core at the moment of the arrival of the main laser
pulse. In addition, they can be used for quantitative estimation of the size of the undestroyed parts of the clusters and

also for measuring the temperature and density of the preplasmas produced by the laser prepulses.
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1. INTRODUCTION

Studies of the interaction of intense laser pulses with cluster
targets are of current interest (McPherson et al., 1994; Dit-
mire et al., 1997, 1999). These studies provide information
on the basic properties of matter under extreme conditions
(Fortov & Morfill, 2010; Smirnov, 2010; Rusek et al.,
2000; Saalmann et al., 2006; Dorchies et al., 2005; Davis
et al., 2007; Gavrilenko et al., 2006; Sherrill et al., 2006;
Dorchies et al., 2008; Taguchi et al., 2010; Fennel et al.,
2010; Bychenkov & Kovalev, 2011; Erk ef al., 2011; Hoft-
mann et al., 2011; Mishra et al., 2011). Also, these studies
make it possible to develop new approaches to a number of
applications, such as initiation of nuclear reactions (Ditmire
et al., 1999; Kishimoto et al., 2002; Grillon et al., 2002;
Buersgens et al., 2006; Lu et al, 2009; Higginbotham
et al., 2009; Last et al., 2011), acceleration of electrons and
heavy particles (Ditmire ef al., 1997; Tajima et al., 1999;
Dobosz et al., 1998, 1999; Sakabe et al., 2004; Fukuda
et al., 2004, 2009; Zhang et al., 2012), and the creation of
bright X-ray sources for biomedical and lithographic appli-
cations (McPherson et al., 1994; Donnelly et al., 1996;
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Magunov et al., 2003; Chu et al., 2005; Fukuda et al.,
2008; Kugland et al., 2008a, 2008b; Chen et al., 2010; Haya-
shi et al., 2011; Zhang et al., 2011; Fazeli et al., 2011).

The use of the 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
laser pulse irradiation, i.e., the density of the clusters does
not become lower than the critical value due to Coulomb
explosion. For all reasonable sizes of the clusters, this con-
dition means that the duration of the laser pulse should be
in the femtosecond or subpicosecond range; i.e., only ultra-
short laser pulses can efficiently interact with the clusters.

However, even in this case, the clusters should not be too
small, because the ultra-short laser pulse is always
accompanied with prepulses, which usually have complex
temporal structures (see, for example, Fig. 1). In this structure,
for example, there are prepulses with duration of the order of
the main laser pulse and temporally shifted by some tens of pi-
coseconds to nanoseconds, and also a pedestal of a longer dur-
ation (ps to tens of ps) under the main pulse. This later pedestal
(see inset of Fig. 1) directly adjoins the basic pulse and has, as
a rule, the duration of some picoseconds.

The contrast of the laser pulse, i.e., the ratio of the peak
power of the main laser pulse to the power of the prepulses,
is usually of the order of 10°~10° or even worse without
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Fig. 1. (Color online) The typical form of the ultra short laser pulse (Kiriyama et al., 2010).

special efforts. This means that, if the main pulse is fairly in-
tense (experiments are usually performed at the intensities of
Lus > 10'7-10%° W/cm?), the intensity of the prepulse is not
lower than 10"°~10'* W /cm? and is sufficient to destroy the
clusters, even before the arrival of the main pulse.

It is obvious, that one of the solutions to such a problem is
improving the laser contrast up to the level of about 10'°~2
(Zhang et al., 2011, 2012; Hayashi et al., 2011; Kiriyama
et al., 2010a; Antonucci et al., 2009; Doumy et al., 2004).
However, as can be seen from the inset of Figure 1, the ped-
estal to the main laser pulse does not change significantly
under such efforts. Another possibility is to use large-sized
clusters. In this case, it is possible to preserve its dense (solid-
state) core to the moment of arrival of the main laser pulse.
But the clusters of too large sizes, as a matter of fact, can de-
stroy all advantages of the cluster targets. Indeed, at very
large cluster sizes we will investigate not laser-cluster but
laser-droplet interaction, where the skin-layer thickness for
laser radiation is less than the cluster size. Therefore it is de-
sirable to take the cluster sizes so that the core of the cluster
with the solid density remains at the arrival of the main laser
pulse, on one hand, and the sizes of the clusters do not exceed
the skin-layer thickness, on the other hand. Thus, for correct
choice of the initial cluster size it is necessary to know the
degree of cluster destruction by laser prepulses.

In order to estimate how much the laser prepulses destroy a
cluster at the moment of the main pulse arrival, it is necessary
to know precisely temporal characteristics of the laser pulse,
and also to develop an adequate gas-dynamic model of the
interaction of the prepulses with the clusters. As to the first
problem, although it is a difficult experimental task, there
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are a number of investigations, in which, at least, some aver-
age values of the intensities of the prepulses in various time
intervals have been measured (see, for example, Kiriyama
et al. (2010b), Antonucci et al. (2009), Doumy et al.
(2004)). The second problem also has not been solved accu-
rately until now. Moreover, without the accurate knowledge
of the temporal structure of a laser pulse, which is the
input information for corresponding gas-dynamic calcu-
lations, theoretical modeling can give only a rough estimation
of the clusters evolution under the influence of the laser pre-
pulses and the main pulse.

Therefore, development of the diagnostic methods that
allows one to directly obtain information about the cluster de-
struction by laser prepulses is very important. In this paper,
we will show that the key information regarding the existence
(or non-existence) of the dense cluster core at the moment of
the main laser pulse arrival can be obtained by means of the
X-ray spectra emitted from the cluster target. We will propose
two diagnostic techniques, one of which is based on the
observation of the profiles of the resonance spectral lines
(see part 2), and the second one — is on the observation of
the hollow ion spectra (see part 3).

2. THE DIAGNOSIS OF CLUSTER DESTRUCTION
BY OBSERVATION OF SELF-ABSORPTION
EFFECTS

The effects of self-absorption of X-ray spectral lines in plas-
mas produced by laser interaction with solid targets have been
observed for many decades (Irons, 1976; Boiko et al., 1981).
The experiments with the cluster targets, which have been
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carried out recently, gave rather ambiguous results concerning
the self-absorption effects. Under almost the same parameters
as the laser-cluster interaction, these effects are sometimes
manifested in the observed spectra and sometimes not. In
order to reveal the cause of this phenomenon more clearly,
we have carried out special experiments, which make it poss-
ible together with the results of previous experimental studies
(Gavrilenko et al., 2006; Dobosz et al., 1998, 1999; Stentz
et al., 2000; Kim et al., 2006; Faenov et al., 2008), to propose,
first, a concept that explains all of the observed data, and,
second, to suggest the method allowing us to diagnose the
cluster state after its interaction with the laser prepulses.

The essence of the concept is as follows. At the beginning
of the interaction with a laser pulse, a cluster target consists
of a set of condensed micro-targets (clusters or droplets)
with sizes from several nanometers to one micrometer and
an atomic density that is almost the same as the density in
solid or liquid. After explosion of the clusters and during
their expansion, a plasma channel with an average density
of about the density of high-pressure gases appears in the
cluster target. In other words, the cluster target remains con-
densed in the femtosecond time scale and turns into gaseous
plasma in the picosecond time scale. Therefore, self-
absorption effects in the cluster plasma can be observed for
spectral lines that are predominantly emitted from the core
at the initial stage of the laser pulse, when the cluster has
not yet been strongly expanded and cannot be observed in
other cases.

The self-absorption effects are most easily identified by a
change in the profiles of the spectral lines emitted from the
plasma because the self-absorption deforms the spectral
line profiles even at an optical thickness of 7~ 1 (see, e.g.,
Irons (1976), Boiko et al. (1981)). We note that the wings
of the spectral lines in the laser plasma are usually due to
the Doppler effect, which is attributed to its macroscopic ex-
pansion, because the average velocity of expansion of most
ions is higher than their thermal velocity and additionally
fast ions with velocities several orders of magnitude higher
than the thermal velocity are also generated under interaction
of intense laser radiation with matter.

In the case of laser heating of planar solid targets at normal
incidence, this leads to the dependence of the wing shape on
the observation direction. In such experiments, there is a par-
ticular direction, which is perpendicular to the surface of the
target. This direction is simultaneously the direction of the
laser plasma expansion and the symmetry axis of the con-
sideration. This leads to the fact that for optically thin plas-
mas the profiles of the spectral lines observed in the
direction parallel to the target surface are symmetric and
fairly narrow. On the other hand, profiles observed in the di-
rection perpendicular to the surface are strongly asymmetric
with increased short-wavelength wings, where the radiation
intensity distribution enables direct measurements of the
energy distribution of fast ions.

In the case of laser heating of the clusters (or microdro-
plets), the situation is different. There is no special direction
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(since there is spherical symmetry for observation directions)
and the observed spectral line profiles, at first sight, should
be symmetric because radiation is detected from ions
moving both outward and toward the spectrometer. However,
in the case of optically thick plasmas asymmetric profiles
with suppressed long-wavelength wings are observed. This
is due to the spatial separation of the ions that have different
velocity components (both in magnitude and, even more sig-
nificant, in the direction of motion) in the observation
direction.

The observed spectra are integrals of the plasma emittance
over the view axis of the spectrometer. Since the spatial res-
olution of the spectrometer is finite, the view axis is a cylin-
der with a diameter equal to the spatial resolution. Since the
spatial resolution of X-ray spectrometers is no better than
5-10 pum and the size of the expanded clusters in the first pi-
coseconds is no more than 2—-3 pm, the observed spectrum is
given by the integral of the emittance over the full space.
Taking into the account the spherical symmetry of the pro-
blem, this integral can be represented in the form

I(w) = 2nJ]/? sin® f:f)e s, - (“r’ S .M
1+ —>cos6 1+—>cosb
C Cc

where r and 0 are the spherical coordinates (the center of the
cluster corresponds to r = 0 and 8 = 0 corresponds to the di-
rection toward the spectrometer), S,(w) is the spectrum of the
radiation from unit plasma volume at the distance » from the
center and has the velocity v(r).

Let the plasma constitute a spherical layer with the inner
radius | and the outer radius r, (see Fig. 2). Below, we con-
sider two cases where radiation is observed from the entire
spherical layer or only from its half that is closer to the spec-
trometer. For convenience, we introduce the angle 0,,,, that is
equal to 7t and 7t/2 in the first and second cases, respectively.

A rmmme>

to spectrometer

Fig. 2. The scheme of the spatial separation of ions emitting photons shifted
towards shorter or longer frequencies from the center of the line during the
explosion of the cluster.
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Without loss of generality, we consider the spectrum of one
radiation line and separate S,(w) into three factors as follows:

w

—I—Qcose

S, = N,(n®(r)L, )

v
+Qco 0

where N;(r) is the density of the ions in the ground state, O(r)
is the excitation function determining the intensity of the line,
and L,(w) is the line profile for the ion at rest.

If the natural width of the line is much smaller than the ex-
pansion broadening of interest, L, can be taken in the form of
the § function. The line profiles calculated for this case by
Egs. (1)—(2) are shown in Figure 3.

As can be seen in Figure 3, in this case asymmetry can
only appear when the radiation is detected from half of the
spherical layer, i.e., when the core of the cluster is opaque
(or, at least, strongly absorbing) for X-rays. Strictly speaking,
in the case of the opaque core, which incompletely screens
the half space far from the spectrometer, integration in
Eq. (1) should also be performed over the angular range of
1t/2 < 0< 7 — arcsin(r; / r»), where for each 0 value, the inte-
gral with respect to r should be calculated in the limits from
ri/sin(t — 0) to r,. For this reason, the line profile is not

(2)
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Fig. 3. (Color online) (Top) Spectral line profiles observed from the spheri-
cal layer of the plasma at nonzero spatial resolutions of the spectrometer;
lines 1, 2, and 3 are the spectra from a half of the spherical layer, the
entire layer, and the real spectrum, respectively. All 3 lines are the same
line in the region w > w,. (Bottom) The emission spectra of the H- and
He-like oxygen ions observed in the present experiments.
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cut-off at the frequency wy and a small wing, which is
shown in Figure 3 (line 3), appears in the long-wavelength
part.

We see that the presence of the opaque core or, in other
words, the large optical thickness of the cluster for a given
spectral line should lead to the asymmetry of observed spec-
tral line profiles. In this case, the long-wavelength wings of
the lines should be suppressed, because an absorber (the
dense core of the cluster) is located between ions emitting
these photons and the spectrometer. Such absorber is
absent for the ions emitting short-wavelength wings. The
suppression degree obviously depends on the optical thick-
ness of the cluster core T and is on the order of exp(-T).

Thus, asymmetric spectral line profiles will only be ob-
served if a laser prepulse does not destroy a cluster entirely,
and the ratio of the red wing to the blue wing can be used
to measure the size of the cluster core that is not destroyed
by the laser prepulse. It is necessary in this case that the op-
tical thickness of the dense undestroyed cluster core is on the
order of one. Note that the cluster will be optically thicker if it
consists of several types of light atoms so that the spectral
lines of the ions of one type of atoms can efficiently photo-
ionize the ions of another type of atoms (details see in
Dobosz et al. (1999), Skobelev et al. (2011)).

In the present work, the experiments have been carried out
with the CO, clusters using the J-KAREN facility. The
J-KAREN facility (Kansai Photon Science Institute, Japan
Atomic Energy Agency) (Kiriyama et al., 2010a, Kiriyama
et al., 2010b) a high power Ti:sapphire laser provides the
laser pulses with a high contrast of 108—1010, achieved
with the use an additional saturable absorber and an
additional Pockels cell switch. The pulse duration was 40
fs at pulse energy of about 1 J and a repetition frequency
of 1 Hz. The laser intensity of laser radiation in the focal
spot with a diameter of 30 um reached 3 x 10'® W/cm?.
The clusters were created when a gas with an initial pressure
of 60 bar was expanded into vacuum through a supersonic
nozzle, which consisted of three coaxial conical surfaces.
The use of a mixture of 90% He + 10% CO, created CO,
clusters with an average diameter of 0.36 um. The laser radi-
ation was focused on the axis of the cluster jet at a distance of
1.5 mm above the output of the nozzle (see Fig. 4a). The
laser contrast was changed from 10° up to 10'%. X-ray spectra
from the target were measured by a FSSR-1D spectrometer
with a spherically bent mica crystal (Faenov et al., 1994;
Skobelev et al., 1995), which was mounted perpendicularly
to the laser radiation axis. The spectral lines of H- and
He-like ions OVIII and OVII were observed in the first re-
flection order from the crystal. Figures 3 and 4b show the
typical spectra.

As we see from Figures 3 and 4b the profiles of the ob-
served spectral lines have an asymmetrical shape. It means
that the laser prepulses in these experiments did not destroy
clusters entirely. Note that symmetrical profiles had been ob-
served in another situation by us earlier (Stentz et al., 2000;
Faenov et al., 2008). The optical thickness of the cluster or
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the size of its core d,,, that is not destroyed by the laser pre-
pulse can be determined from the spectra presented. For
example, an analysis of line profiles obtained in the present
experiment yields 7~ 1.6 or d.,;; ~ 0.29 pm. As the initial
diameter of cluster was about 0.36 um we could conclude
that the laser prepulse destroyed only small part of the cluster.
It means that the larger part of the cluster survived and the
main 40 fs laser pulse interacts with the cold core of solid
density.

3. DIAGNOSIS OF CLUSTER DESTRUCTION
BY A LASER PREPULSE USING THE
CHARACTERISTIC AND HOLLOW
ION EMISSIONS

It is possible also to diagnose partial cluster destruction by a
laser prepulse from observation of the characteristic line radi-
ations of the cluster atoms. For observation of such radiation,
the existence of two conditions is necessary — (1) presence
of cold matter and (2) presence of the electrons with energy
sufficient for K-shell excitation, i.e., at least several keV. As
high energy electrons can be generated only after irradiation
of the cluster by the main laser pulse, K, lines will be ob-
served only in the case when the cold dense cluster core re-
mains after irradiation by the laser prepulses.

To prove the above statement we have carried out a series
of experiments on installation J-KAREN described above.
The experiment scheme was practically the same as shown
in Figure 4a. Large size argon clusters (an average cluster
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Fig. 4. (a) The scheme of the experimental
setup. Typical emission spectra of the H- and
He-like ions of Oxygen (b) and the spectra
of Ar ions (c), observed in the present work.

diameter in the interaction region was about 1.3 pm) were
used as a target (Boldarev et al, 2006). Contrast of the
laser pulses was varied from 2 x 10° to 10'°. Typical spectra
and densitograms for the spectral region of 3.9-4.3 A are pre-
sented in Figures 4c¢ and 5. It should be noted that the scale of
wavelengths, presented in Figure 5 corresponds to the fourth
order of mica-crystal reflection while the line Heg is regis-
tered in fifth order and its real wavelength is 5/4 times less.

From Figure 5 it is clearly seen, that at very high laser
contrast >10% observable spectra contain intense K, line
that is not observed at contrast 2 x 10°. It means that in the

0
39 395 4 405 41 415 42 425
wavelength, A

Fig. 5. (Color online) Emission spectra of argon clusters observed on
J-KAREN installation at various values of the laser pulse contrast.
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latter case the laser prepulse was strong enough to ionize all
cluster atoms before the arrival of the main pulse. In other
cases for of higher laser contrasts, the cold dense part of clus-
ter survived after the laser prepulse. In Figure 5 spectral
structures with wavelengths about 4.18 A are also clearly
seen. As shown by Colgan et al. (2011), Faenov et al.
(2011) they are the spectral lines of hollow ions. It is impor-
tant to remember that hollow ions are the ion states with two
or more vacancies in internal shells. At radiating decay of
such states the spectral lines also called hypersatellites are ra-
diated. At present, there is a considerable body of research
devoted to a study of hollow ion spectra in laser-produced
plasma (see, for details, review Skobelev et al. (2012)).

Since hollow ions are doubly excited states hypersatellites
should be intense in very high dense plasma. Also, since gen-
eration of these states require high excitation energies hollow
ions can be effectively excited by hot electrons, generated by
the main laser pulse. Therefore an observation of hollow ion
spectra will also suggest the existence of a dense core at the
moment of arrival of the main pulse. Moreover, a comparison
of the experimental and the calculated spectra of hollow ions
can be used for estimation of the parameters of the most
dense plasma regions generated by the laser prepulse. The
calculations were done by atomic and kinetic models de-
scribed in Colgan et al. (2011) and Faenov et al. (2011).
Their results show, for example, that the spectrum of the
hollow ions obtained for laser contrast 1010, is described ade-
quately by the modeling for the plasma with 7, = 50 eV and
N, = 5% 10?* cm ™2 in which there is 1% fraction of hot elec-
trons (see Fig. 6).

Observations of the hollow ion spectra do not only provide
an additional way of diagnosis of a cluster target state after
prepulse action, but also in some cases provide the infor-
mation which other diagnostics cannot provide. Indeed let
us consider the case where, the prepulses are unable to de-
stroy the dense cluster core, but can heat the core to a temp-
erature high enough for the ionization of atoms. In this case,

0.6 - Intensity,a.u.

05 hollow ion

transitions

Kal 2

0.4

0.3 experiment -

wavelength, A

Fig. 6. (Color online) The comparison of the experimental and the modeling
spectra near K, line of Ar ion. The experimental spectrum is obtained for
laser contrast 1010, the theoretical spectrum is calculated for 7, = 50 eV,
N, =5x%x10% cm™> and 1% fraction of hot electrons.
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although K, characteristic radiations are absent, the hollow
ion spectra may be still observed in the emission spectra.
This will manifest that the cluster was heated to a warm
dense matter state, but was not completely destroyed by the
prepulses.

4. CONCLUSION

Analysis of the interaction of ultrashort high intensity laser
pulses with cluster targets is of considerable interest both
for the study of fundamental properties of matter in extreme
conditions and also for the new approaches for solving very
important applied problems. In spite of the remarkable pro-
gress in improving the contrast of ultrashort pulse lasers,
elimination of prepulses in the 1-5 ps time scale before the
main ultrashort pulse remains insufficient. Therefore, devel-
opment of diagnostic methods allowing us to directly obtain
information on the cluster state just after interaction of the
laser prepulses with the cluster is a state of the art problem
nowadays.

The present work shows that it is possible to estimate the
existence of the cluster core at high density after the action of
laser prepulses by various spectroscopic methods based on
the analyses of the X-ray spectra emitted from the cluster
target. These methods, first and foremost, allow insight
into the major question concerning the preservation of a
dense cluster core at the moment of the main laser pulse ar-
rival. In addition, they can be used for quantitative estimation
of the size of the undestroyed part of the cluster and also for
measuring the preplasma temperature and density.
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