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Abstract

We used X-ray spectroscopy as a diagnostic tool for investigating the properties of laser-cluster interactions at the stage
in which non-adiabatic cluster expansion takes place and a quasi-homogeneous plasma is produced. The experiment
was carried out with a 10 TW, 65 fs Ti:Sa laser focused on CO2 cluster jets. The effect of different laser-pulse contrast
ratios and cluster concentrations was investigated. The X-ray emission associated to the Rydberg transitions allowed us
to retrieve, through the density and temperature of the emitting plasma, the time after the beginning of the interaction
at which the emission occurred. The comparison of this value with the estimated time for the “homogeneous” plasma
formation shows that the degree of adiabaticity depends on both the cluster concentration and the pulse contrast.
Interferometric measurements support the X-ray data concerning the plasma electron density.

Keywords: Femtosecond laser interaction with clusters; Interferometer of plasma; Plasma diagnostics; X-ray
spectroscopy of multi-charged ions

1. INTRODUCTION

Interaction of ultra intense, femtosecond laser pulses with
gases in which a significant amount of molecular clusters
is present allows one to obtain plasma with unique properties
in terms of both matter density and ion charge states. In fact,
while in cluster media, the electron density locally exceeds
the critical density at a given wavelength, the average
density is sufficiently low to make the medium transparent
to laser light. Thus, with present-day ultra short, intense
laser pulses, plasmas with localized regions characterized
by an electron density of the order of the solid density can
be easily created (Batani et al., 2007; Nickles et al., 2007).

Moreover, due to the high overall medium transparency,
more efficient and uniform absorption of the laser pulse
energy takes place if compared with that occurring in gases
or solid slabs (Kanapathipillai, 2006). Consequently, the
degree of ionization of the ions created in laser-cluster inter-
actions can be much higher than that achievable employing
other kinds of targets. Experiments performed in the past
decade, show that cluster-originated plasmas are a source
of both high energy ions and electrons (McPherson et al.,
1994; Ditmire et al., 1996, 1999; Parra et al., 2000;
Abdallah et al., 2003; Sherrill et al., 2006; Kim et al.,
2006; Fukuda et al., 2007) and of X-ray radiation
(Abdallah et al., 2003; Sherrill et al., 2006; Mori et al.,
2001; Smirnov et al., 2004; Faenov, 2007). However, in
order to control the characteristics of particles and radiation
originating during the laser-cluster interaction, it is essential
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to understand the properties of the cluster plasma itself,
which vary strongly on a very short—typically a few ps—
timescale.

The temporal evolution of laser-generated cluster plasma
(Smirnov et al., 2004; Fukuda et al., 2004a) can be
roughly divided into three stages (see Fig. 1). At the very
beginning of the interaction, the laser pulse ionizes the
medium (through field-ionization) leading to the formation
of a plasma column (with length and diameter approximately
given by the beam Rayleigh length and waist), whose
density, in the regions where clusters are present, is slightly
less than the solid density (Abdallah et al., 2003; Sherrill
et al., 2006; Junkel-Vives et al., 2002a; Fukuda et al.,
2003, 2004a; 2004b). The duration of this stage depends
on both the pulse duration and the average cluster size, and
typically varies from tens to hundreds of fs. After this
stage, the dense plasma regions begin to expand. In this
process, the energy absorbed by the electrons during the
interaction with the laser pulse is converted into both radi-
ation and ion kinetic energy. Only if the laser pulse duration
is small enough, the expansion can be considered as “adia-
batic.” At this stage, clusters progressively reduce their
mass and density, while in the laser interaction region the
plasma becomes more and more homogeneous. The duration
of this second stage typically varies from several tens up to
several hundreds of ps. In the third, adiabatic stage, which
typically lasts several ns, the decay of the quasi-
homogeneous plasma column occurs.

It is well-known that the parameters of the plasma formed
in the first stage strongly depend (Abdallah et al., 2001,
2003, 2007; Junkel-Vives et al., 2002a, Fukuda et al.,
2004b; Magunov et al., 2003, Giulietti et al., 2006, 2007)
on the “contrast” of the laser pulse, namely on the ratio
between the main pulse peak power and the power of the
“pedestal” (pre-pulse and post-pulse), usually due to ampli-
fied spontaneous emission on the nanosecond scale and to

residual uncompressed pulse energy (tens of ps). If the
energy the electrons absorb from the laser prepulse is suffi-
ciently high, clusters can expand significantly before the
arrival of the main pulse. Therefore, high values of the
laser contrast are preferred as they allow a “cleaner” inter-
action to be achieved in which the main pulse irradiates clus-
ters that may have been marginally ionized by the pre-pulse
and have not expanded significantly. In such a situation, the
main pulse interacts with plasma in which the local electron
density can be approximately the solid density. This topic has
been widely discussed (Abdallah et al., 2003; Sherrill et al.,
2006; Junkel-Vives et al., 2002a; Fukuda et al., 2003;
Skobelev et al., 2002b), where a contrast on the order of
105–106 and big cluster sizes ~0.1–1.0 mm allowed
plasmas with density above 1022 cm23 to be obtained, and
in Faenov et al. (2004), where the effect of the main
pulse-to-prepulse contrast was controlled by adopting trans-
parent aerogel nano-targets. Besides the effects related to pre-
pulse so far discussed, the properties of cluster plasmas are
also strongly influenced by the laser ps post-pulse which,
with a present-day high contrast laser system has an intensity
in the range of 1012–1014 W/cm2. Therefore, the cluster
electrons can be further heated also during their expansion
phase, i.e., in the stage when the plasma becomes quasi-
homogeneous. The parameters of the plasma created at this
stage are strongly influenced by the ratio between the
cluster size and their average separation distance (Sherill
et al., 2006; Fukuda et al., 2004a; Junkel-Vives et al.,
2001; Dorchies et al., 2005).

Recently, significant attention has been devoted to the
problem of adopting a suitable diagnostics in order to
monitor the formation of the dense, high-temperature
plasma after the cluster heating. Such a diagnostics has
been based in most cases on X-ray spectroscopy methods
(see, for example, Abdallah et al., 2001, 2003; Sherrill
et al., 2006; Kim et al., 2006; Mori et al., 2001; Smirnov

Fig. 1. The simplified scheme of the cluster plasma tem-
poral evolution.
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et al., 2004; Fukuda et al., 2003, 2004a, 2004b; Junkel-Vives
et al., 2001, 2002a, 2002b; Auguste et al., 2000, Magunov
et al., 2001, 2002, 2003; Skobelev et al., 2002a, 2002b;
Dorchies et al., 2005). At the same time, accurate diagnostics
of the plasma column formed in the second stage of evolution
is also rather important, because such plasma, for example,
can serve as an active medium of vacuum-ultraviolet and
X-ray lasers, or can be used for channeling fast electron
beams (Kim et al., 2006; Chu et al., 2005; Willingale
et al., 2006; Kumarappan et al., 2005; Fukuda et al.,
2007). However, adopting the X-ray spectroscopy as a
plasma diagnostic technique is a quite complex task as a sig-
nificant part of the X-ray emission takes place during the first
stage of the temporal evolution, i.e., when the cluster plasma
itself is formed and most of the electron heating process by
the laser beam takes place. Thus, in this case, one would
need to measure X-ray spectra with subpicosecond time res-
olution that, from a technical point of view, is rather difficult.

On the contrary, measuring the Rydberg transitions occur-
ring in clusters with relatively small ionization energies is not
so difficult. Due to Stark broadening in the high-density
plasma, transitions that occur at the first stage of the evolution
give quasi-continuum spectra, which are visible as a back-
ground on the spectrograms. Separated, un-broadened
X-ray Rydberg line emission only occurs later, when clusters
begin to expand, i.e., when the quasi-homogeneous plasma
starts its formation. In other words, the Rydberg spec-
troscopy provides a sort of time-resolved diagnostics.

In the present work, we demonstrate the use of this spec-
troscopic technique to carry out diagnostics on a
CO2-cluster plasma and to investigate how its parameters
depend on both laser pulse contrast and cluster size/concen-
tration. We have focused our attention on 1snp - 1s2 with
n ¼ 5–9 of He-like ion O VII and 3p-1s of H-like ion
O VIII transitions.

Section 2 will depict the experimental features; Section 3
is devoted to the presentation of the experimental data and
the theoretical model; in Section 4, we will discuss the phys-
ical meaning of our observation.

2. EXPERIMENTAL SETUP AND DIAGNOSTIC
TECHNIQUES

The experiment has been performed at the Saclay Laser
Interaction Center (SLIC) on the UHI10 laser facility
(SLIC/CEA-Saclay), a 10 TW Ti:Sa laser system, 800 nm,
delivering linearly polarized laser pulses with energy up to
600 mJ when operating in chirped pulse amplification
mode. A sketch of the experiment layout is presented in
Figure 2. In the usual laser operating scheme, the ASE ped-
estal duration is of a few nanoseconds and its energy is about
5% of the total energy, which gives a power contrast around
106 in the nanosecond time scale. We also employed a
double plasma mirror device (DPM) (Monot et al., 2004;
Levy et al., 2007) that leads to a gain of a factor of nearly
104 in the contrast, with a loss of 50% in the energy
content of the main pulse. The evolution of the laser power
around the main pulse is shown in the autocorrelation plots
of Figure 3. Plots labeled with (1) and (2) were obtained
without and with DPM, respectively. The contrast that can
be evaluated from Figure 3a for several tens of picoseconds
is the same we have in the nanosecond time scale. In this
time scale, the contrast is increased by the DPM from 106

to 1010 for both pre-pulse and post-pulse. On the picosecond
time scale, the contrast, which is typically 104 from –5 to –1
ps (pre-pulse) without DPM, varies with DPM from 108 to
105 in the same range. The post-pulse contrast is not affected
by DPM for the first 10 ps after the main pulse.

In the experiment described here, the laser beam was
focused with an F/2.5 off-axis parabolic mirror (F ¼ 300
mm) onto a pulsed gas jet of CO2. The width at half-
maximum focal spot radius measured in vacuum was about
10 mm. The laser intensity in the spot was about 4 � 1018

W/cm2 when using DPM, twice smaller that the maximum
intensity at lower contrast, without DPM. The CO2 clusters
were produced by expanding a high-pressure gas jet into
vacuum via a specially designed, pulsed supersonic conical
nozzle with the input and output diameters of 0.5 and
2.0 mm, respectively, and a length of 75 mm. The nozzle

Fig. 2. Layout of the experiment.
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shape and dimensions have been optimized with the help of
numerical simulations (Fukuda et al., 2003; Boldarev et al.,
2004; Boldarev et al., 2006). The laser beam was focused at a
distance of about 1.2 mm from the edge of the nozzle.
Experiments were carried out for CO2 gas-jet backing press-
ures from 20 to 40 bar, thus producing clusters of different
parameters (see Fig. 4 and Table 1).

The spatially resolved X-ray spectra have been obtained by
adopting a focusing spectrometer with spatial resolution-1D
(FSSR-1D) (Fukuda et al., 2004b; Magunov et al., 2003,
Blasco et al., 2001). In such a scheme, experimental data
are acquired by placing the detector on the Rowland circle
of a spherically bent crystal. The spectral resolution of the
spectrometer does not depend on the size of the plasma
source. This spectrometer was equipped with a spherically
bent mica crystal (R ¼ 150 mm) and a vacuum compatible

X-ray charge coupled device (CCD) camera (DX440-BN,
Andor, ME) with a pixel size of 13.5 mm. The spherically
bent crystal was placed at a distance of 350.9 mm from the
plasma source and was centered at lc ¼ 1.637 nm, which
corresponds to a Bragg angle of u ¼ 55.38 for the first-order
reflection of the crystal. Such an alignment of the spec-
trometer allowed to cover the spectral range lmin 4 lmax ¼

(1.58 4 1.75) nm and to reach a spectral resolution up to
l/Dl ~ 5000. In this condition, we had a spatial resolution
of dx ¼ 40 mm in the direction along the laser beam propa-
gation. The measured size of the H- and He-like oxygen
line emission-zones in the laser-beam propagation direction
was between 0.5–2 mm, depending on the experimental con-
ditions. In order to protect the X-ray CCD detector from
visible and vacuum-ultraviolet radiation, its sensitive zone
has been covered with two layers of 1 mm thick

Fig. 3. Plots of the laser power versus time [1] without
and [2] with the double plasma mirror. (a) Long time-
scale view. (b) Details in the short time-scale.
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Fig. 4. Plots of the cluster parameters.
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polypropylene filters coated on both sides by 0.2 mm of Al.
Moreover, a magnet was placed between the plasma source
and the crystal in order to stop high-energy particles.

A typical spectrogram obtained with our focusing spec-
trometer is shown in Figure 5. Notice that the FSSR spec-
trometer (high luminosity, high spectral and spatial
resolution) allowed clear resolutions of Rydberg lines of
He-like Oxygen up to n ¼ 10! n’ ¼ 1 transitions to be
obtained, despite their very low intensities.

The electron plasma density was measured with a
Mach-Zehnder interferometer in a similar setup as used in
previous recent experiments (Gizzi et al., 2006). A fraction
of the main femtosecond pulse was frequency doubled and
used as an optical probe perpendicular to both the main

pulse propagation axis and the gas flow axis. The frequency
doubling was obtained with a KDP-Type-I, 2-mm-thick
crystal: the duration of the probe pulse after duplication
was calculated to be ,120 fs. The probe pulse diameter
was 4 mm and was timed with respect to the main pulse by
means of an optical delay line. Two lenses with focal
lengths of 30 and 50 cm (not showed in the figures) were
used for the magnification, giving a spatial calibration of
about 4.1 mm ¼ 1 pixel on our interferometer CCD detector.
An interference filter centered at the 2vL wavelength was
placed in front of the CCD to avoid noise on interferograms
due to both scattered vL light and the plasma broadband
optical self emission. However, in some cases, the 2vL

plasma emission due to coherent second harmonic generation

Fig. 5. (Color online) A typical space-resolved X-ray spectrogram of the CO2 plasma emission in the wavelength region 1.58–1.75 nm,
showing Rydberg lines of the He-like oxygen, involving transitions from n ¼ 5 to n ¼ 9 upper states.

Table 1. Parameters of cluster targets and a laser pulse

Case
number

Laser pulse Jet target

Energy,
mJ Contrast

Gas pressure in the
valve (bar)

Average cluster
radius (mm)

Cluster concentration
Ncl (cm23)

Average number of
molecules in cluster

1 300 1010 40 0.16 1.7 � 1010 3.1 � 108

2 300 1010 30 0.28 2 � 109 1.6 � 109

3 300 1010 20 0.45 2 � 108 7 � 109

4 600 106 20 0.45 2 � 108 7 � 109

A. YA. Faenov et al.74
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(Gizzi et al., 1994) was so high to prevent the analysis of the
interferogram.

3. EXPERIMENTAL DATA AND THEORETICAL
MODELING

3.1. Interferometric Data

Interferograms were taken in a range of times of interest for a
comparison with both the Rydberg states X-ray spectra and
theoretical evaluations (a few tens of picosecond after the
entrance of the main pulse in the gas jet). Figure 6 shows a
typical interferogram obtained in our experiment. Since the
whole plasma is much larger than the high intensity-laser
interaction region, it was not possible to follow by interfero-
metry spatial and temporal details of the plasma evolution.
The electron density distribution has been obtained by
extracting the phase-difference map with a continuous
wavelet transform ridge extraction code (IACRE) (Gizzi
et al., 1994) is a well established, robust technique alternative
to the fast Fourier transform technique. The phase-difference
map was then processed with a generalized Abel inversion
algorithm (Tomassini & Giulietti, 2001), in which the
usual axial symmetry requirement is partially relaxed by
means of a truncated Legendre polynomial expansion in
the azimuthal angle. This inversion algorithm can deal with
moderately non-axisymmetric phase-shift maps. In particu-
lar, the interferogram of Figure 6 was obtained using a
2 mm nozzle with CO2 at 20 bar with the laser focused at

the entrance edge of the supersonic gas jet (coming from
the right in the picture). The laser was operating with DPM
(at higher contrast level). Figure 7 shows the longitudinal
electron density profiles along the plasma axis, as obtained
from the interferogram shown in Figure 6. The peak value
and the longitudinal profile of the electron density will be
compared with both the values supplied from the X-ray
spectra and the model in the same conditions.

3.2. X-ray Spectra

A typical space resolved X-ray spectrum showing contri-
bution of both H-like and He-like oxygen, including in the
last case emission from high-n excited states, has been
already shown in Figure 5. Similar spectra were obtained in
each of the four experimental conditions listed in Table 1.
In the cases 1–3 in Table 1, the contrast is always the
highest, while the cluster concentration decreases (the
cluster size increases) from one to three. Case 4 corresponds
to shots without the DPM, thus with a low laser contrast ratio.
Figure 8 shows the X-ray spectra integrated over the spatial
resolution axis of Figure 5.

Spectra from (a) to (d) correspond to the conditions 1 to 4
in Table 1, respectively. According to these plots, the relative
contribution of the He-like oxygen to the X-ray emission in
the range 1.5–1.8 nm increases with decreasing cluster con-
centration (increasing cluster size) and even with reducing
laser contrast. In the latter case, lines from transitions

Fig. 6. (Color online) (a) Interferogram of the plasma produced by the high contrast laser pulse in the CO2 gas jet at backing pressure of
20 bar. (b) Electron density map of the same plasma.
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coming from Rydberg states up to n ¼ 9 can be clearly
identified.

3.3. The Model

The intensity of each line, Lyb, Hed etc., emitted by optically
thin plasma can be calculated with the following relation

I(l) ¼ C
X

j

Aj (1� b)Sj(l)þ bffiffiffiffi
p
p

Dlw; j

�

� exp [� (l� lj)
2=Dl2

w, j]
o

Nj, (1)

where C is a normalization constant, Aj and lj are the radia-
tive transition rate and the wavelength of the line j, respect-
ively, while Nj is the upper level population density. The
parameter b defines the fraction of fast ions with effective
temperature Tf, which radiate in the far line wings of the
width Dlw, j ¼ lj(2Tf/mi)

1/2/c (here mi is the ion mass and
c is the speed of light). Sj(l) is the spectral function of the
central part of the line j, which is calculated by taking into
account the Stark and Doppler broadening

Sj(l) ¼ 1ffiffiffiffi
p
p

Dlj

X
a

ð
g j,a(F)

� exp [�(l� l j,a(F))2=Dl2
j ]W(F)dF, (2)

where W(F ) is the distribution function of the ion microfield
strength F, gj,a(F ) ¼ Aj,a(F )/Aj and lj,a(F ) are the transition
branching ratio and the wavelength for the Stark component
a of the line j, respectively, while Dlj ¼ lj(2Ti/mi)

1/2/c is
the Doppler line width for the thermal bulk ions with the
temperature Ti. When the electron density is lower than the
critical density the contribution of the electron collisions to
line broadening is small.

The relative intensities of the experimentally observed
lines were modeled with the help of relation (2), while the
level population densities in (1) were calculated in the
stationary, collisional-radiative model using the kinetic
code (Magunov et al., 2003) for a given set of values for
Ne, Te, and Ti parameters. The linear Stark approximation
is used with the micro-field distribution function accounting
for both the Debye screening and for the ion correlations. Far
wings of the lines are approximated by the exponential terms
in (1) varying the fast ions effective temperature Tf and the
values of the weight b. Note that (1) is valid for an optically
thin plasma. In order to account for the absorption of the Lyb
line, we used the uniform slab approximation

�I(l � lj) ¼
I(lj)
hj

[1� exp (�hjI(l)=I(lj))], (3)

where hj is the optical depth at the line center. The par-
ameters of both the clusters and the laser pulse, which have
been adopted in experiments, are shown in Table 1, while
the corresponding values of the plasma parameters, which
have been obtained experimentally, are presented in
Table 2. In Figure 8, the results of the above explained
model of the plasma emission spectra in the region 1.58–
1.76 nm, which contains both the line Lyb of H-like
O VIII ion and the lines 1snp - 1s2 (n � 5) of He-like
O VII, are presented (dashed line).

4. DISCUSSION

The model described above applied to our experimental
spectra allowed us to study the stage of the plasma evolution,
which gives the greatest contribution to the observed spectra.
For the sake of the following discussion, Table 1 shows some
parameters describing the cluster populations calculated in
the four cases considered (Boldarev et al., 2006). Table 2
shows instead some plasma parameters as retrieved by the
experimental data in each of the four cases. We observe
here as an example that the electron density of the main emit-
ting region evaluated for the case 3—high contrast, 20 bar of
CO2—is confirmed by the interferometric measurement
(peak value) to be 6 � 1019 cm23. Also, assuming that the
intensity profile along the spatial resolution axis of the Hed
line, as shown in Figure 5, is proportional to the density of
emitters (which is related to the electron density), the corre-
sponding electron density in a qualitative agreement with the
longitudinal electron density distribution shown in Figure 7.

As a first step in our analysis, we can estimate the time
needed for the plasma column to become nearly homogeneous.
Indeed, from the measured width of the spectral line profiles
(due to Doppler effect), we can evaluate the average velocity
of cluster expansion to be about v0 ~ 2 � 107 cm/s. Hence,
by taking the distance between clusters to be about
dcl ~ Ncl

21/3, we find a distance ranging from 4 mm to
17 mm. We can then estimate the time “th” (see Table 2)

Fig. 7. Electron density lineout along the axis of the same plasma as in
Figure 5.
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after which the plasma column density becomes almost
uniform, which is roughly given by th ¼ dcl/(2v0) that,
with the above range of distances, gives a time ranging
between 10 ps and 42 ps. The electron density Ne,h at this
time can be estimated by assuming that C VI, and O VII
are the main components present in this nearly uniform

plasma column. These results of estimation Nn/NH/NHe for
Oxygen ions are shown in Table 2. On the other hand,
from the experimental spectra, it is also possible to retrieve,
with some assumptions, the time to which these spectra refer.
More in detail, given the electron density of the emitting
region (as provided by our model of the X-ray spectra),

Fig. 8. Emission spectra of plasma of CO2-clusters, containing line Lyb of H-like O VIII ion and lines 1snp 1P121s2 1S0 (n � 5) of
He-like O VII. Black curves are spectra observed in the experiments 1–4 (see Table 1). Red curves show results of calculations in Eq.
(1) with the plasma parameters presented Table 2.
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which is shown in Table 2, this time can be calculated by

Ne(t) ¼ Ne(0)

(r(t)=r(0))3 , (4)

which simply states the conservation of the number of free
electrons during the cluster expansion. No change in the
average ionization state of the clusters during this expansion
is accounted for here. In Eq. (4), Ne(t) is the electron density
in the cluster volume at time t, r (t) ¼ r (0) þ v0*t the cluster
radius. Ne(0) and r (0) are the electron density and the cluster
radius at the time t ¼ 0 (both these values can be obtained
from Table 1). By solving Eq. (4) for t, if Ne(t) is the measured
density (see Table 3), we find that in the case of high laser con-
trast, the plasma emission measured for a relatively low cluster
concentration of Ncl ¼ 2 � 108 cm23 (see Table 2, exper-
iment 3) almost completely takes place before t ¼ 40 ps,
which is less than the calculated value expected for quasi-
homogeneous plasma column formation, which in this case
is given by th ¼ 42 ps. Then, as showed in Table 2 with
high laser contrast and in the case of high clusters concen-
tration, plasma emission occurs within a time comparable to
or larger than that of the column formation (see Table 2,
cases 1 and 2), but with lower cluster concentration (see
Table 2, experiment 3), the emission occurs just before the
formation of the column. For low laser contrast (see
Table 2, experiment 4), the plasma emission occurs after
column formation for even lower cluster concentration.

We emphasize here that the degree of non-adiabaticity of
clusters expansion is (also) related to the distance between
clusters and increases with the increasing cluster concen-
tration. As shown in Table 2, in the high contrast setup
conditions, in case 1 of higher cluster concentration, i.e.,
Ncl ¼ 1.7 � 1010 cm23, the electron plasma density
measured experimentally Ne and the value of Ne,h are in
good agreement, their ratio being 1.2. In contrast, for
lower cluster concentrations such as Ncl ¼ 2 � 109 cm23

and Ncl ¼ 2 � 108 cm23 the difference between Ne and
Ne,h increases, as their ratio becomes 1.5 and 2.4, respect-
ively. Such results mean that at high cluster concentration
(i.e., at small distance between clusters) Rydberg line emis-
sion mostly occurs when quasi-homogeneous plasma
column formation has been completed. As the distance
between clusters increases, the time of the emission
moves backward, when clusters still exist and the final

homogenization of the plasma column has not yet taken
place. In terms of degree of non-adiabaticy: in the case
of high laser contrast ratio and high cluster concentration,
the measured plasma density (see Table 2) indicates that
most of the emission occurs during the cluster expansion
with a high degree of non-adiabaticy; for lower cluster
concentration most of the emission comes from clusters
basically expanding still adiabatically. The latter circum-
stances are not possible in the case of low laser contrast
ratio, here, as explained above, even for lower cluster con-
centration, the cluster expansion occurs at a high degree of
non-adiabaticity.

A particular feature, in the case of high laser contrast, is
that the electron temperature, which is measured during
the maximum of plasma emission, can still be more than
100 eV. This is likely to be due to the fact that the cluster
expansion, which occurs in this stage is non-adiabatic also
because the plasma electrons continue to be heated by the
post-pulse radiation (see Fig. 3), which typically has a dur-
ation of 15–20 ps and can reach a peak intensity of the
order of 1012–1014 W/cm2. Only when this post-pulse radi-
ation has decreased, i.e., for t . 20 ps, the temperature of
plasma electrons begins to decrease, and this is associated
to a reduction of the X-ray spectral line intensities. This is
confirmed by the behavior of emission in cases 1, 2, 3,
showed in Table 2, where as the estimated maximum emis-
sion time increases (with decreasing clusters concentration),
the measured temperature decreases as a consequence of a
fixed post-pulse duration time.

Another particular feature in the case of low contrast
laser pulses (see Fig. 3b and Table 2, experiment 4), is
that cluster expansion begins well before the arrival of
the main laser pulse (at time about 220 ps), while the for-
mation of the plasma column should take place at time
t ~ 20 ps after the main pulse, when the post pulse is still
operating. For this reason, when adopting low contrast
pulses, the formation of the plasma column occurs non-
adiabatically even for low cluster concentration (so high
maximum emission time), most X-ray emission occurs
after the formation of the column itself and, as it is seen
from Table 2, in this case, the measured value Ne basically
coincides with Ne,h.

We emphasize here that, as anticipated above, despite the
dense high-temperature, plasma formed at the stage of
cluster heating radiates a significant amount of X-ray

Table 2. The parameters of plasma measured with the help of the spectra of the Rydberg transitions in He-like O VII ion
and line Lyb of H-like O VIII ion

Case number Te (eV) Ne (cm23) t (ps) Ti (KeV) Plasma charge state Nn/NH/NHe Ne,h (cm23) th (ps)

1 122 1020 12 3 0.056/1/1.9 8.45 � 1019 10
2 120 8 � 1019 22 3 0.046/1/2.1 5 � 1019 20
3 113 6 � 1019 40 3 0.026/1/3.1 2.45 � 1019 42
4 108 2 � 1019 59 3 0.014/1/4.2 2.45 � 1019 42

A. YA. Faenov et al.78

https://doi.org/10.1017/S0263034608000104 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034608000104


radiation; its spectrum is located almost entirely in the
underlying continuum. First, by observing Rydberg spectral
transitions and by adopting low Z clusters, we have been
able to measure the plasma parameters after the formation
of the plasma column. In this case, even at moderate den-
sities such as Ne ~ 1021–1022 cm23, a quasi-continuum
spectrum forms due to Stark broadening. Moreover,
additional line broadening due to the dense plasma optical
thickness is expected, which is also higher for ions with
low Z. Second, the contribution to the observed spectrum,
which is associated to the initial stage of cluster heating,
is proportional to the ratio between the lifetime of the
dense heated cluster and that of the plasma column. The pre-
sence of a post pulse, which forces the cluster expansion to
be non-adiabatic, leads to temperatures of the electrons in
the plasma column which are quite high (Te . 100 eV)
and allows further excitation of the spectral lines.
Therefore, plasma column emission lasts much longer
than the stage of cluster heating, leading to an increase of
the contribution of the former to the observed spectrum. It
is necessary to note that our results are in a good agreement
with the data presented in Mori et al. (2001) and Shiraishi
et al. (2002), in which the temporal durations of the
M-shell spectra of Xe ions have been measured, and have
been found to be on the order of 100 ps in duration, while
estimations for N spectra of Xe gave even longer duration
(more than 1 ns). We also stress that in Mori et al. (2001)
and Shiraishi et al. (2002), the electron temperature at late
stages of expansion was found to be about 100 eV, which
is in a good agreement with our measurements. From
Table 2, we observe that, as long as light elements are
employed, varying the laser pulse contrast does not lead
to dramatic changes in the emission spectra, which corre-
spond to the stage of the plasma column formation.
A different situation has been observed earlier and dis-
cussed (Abdallah et al., 2001, 2003; Sherrill et al., 2006;
Junkel-Vives et al., 2001, 2002a, 2002b; Fukuda et al.,
2003, 2004b; Auguste et al., 2000, Magunov et al., 2001,
2002, 2003; Skobelev et al., 2002a, 2002b) in the case of
a plasma generated by laser-irradiation of Ar clusters. In
that case, the ionization potentials of multi-charged Argon
ions, i.e., the energy needed to obtain H-, He-, Li-like
ions, is much higher and the emission of the corresponding
spectral lines was found to take place during the first stage
of clusters evolution when the laser contrast played a
significant role.

5. CONCLUSIONS

An experiment has been performed in which a clustered CO2

gas jet of variable parameters was irradiated with ultra short
powerful laser pulses in two regimes of pulse contrast. The
main diagnostic was based on X-ray spatially resolved spec-
troscopy. This latter was supported by optical interferometric
data which, after deconvolution, provided measurements of
the plasma density distribution which could be compared

with the density measurements retrieved from X-ray data,
and were found to be in a good agreement. Our study provides
evidence of conditions in which the X-ray emission occurs,
even for light ions, when the cluster expansion is in a late, non-
adiabatic stage. This was possible thanks to the high luminos-
ity, high resolution, space-resolved spectroscopy performed
with the focussing spectrometer with spatial resolution
(FSSR) spectrometer, allowing an unprecedented detection
of the high-n Rydberg excited levels in the X-ray range of
the plasma self-emitted spectrum. The experimental investi-
gation of the stage of cluster expansion, which has been
carried out, shows two causes for the non-adiabatic behavior.
The first is related to the inter-cluster distance and the second
due to the post-pulse irradiation effect. Information regarding
the X-ray line emission spectra of light elements due to
Rydberg transitions has also been used to determine par-
ameters of the plasma. Comparison of the calculated and
measured electronic density of quasi-homogeneous plasma
column obtained in our experiment shows that in the case of
high laser contrast ratio, it is possible to achieve a low
degree of non-adiabaticy in the cluster expansion, but only
in the case of a sufficiently low cluster concentration. Our
measurements also demonstrate that the same circumstances
cannot be attained in the case of low laser contrast ratio,
even in the presence of lower cluster concentrations. Our
observations demonstrate that, in the case of low Z elements
clustered gas-jets irradiated by ultra short, intense laser inter-
action, X-ray spectroscopy can be successfully employed to
unfold the role of a critical laser feature like the contrast
ratio in the fast dynamics of cluster expansion.
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