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Investigation of laser-irradiated Ar cluster dynamics from K-shell x-ray emission measurements
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Intense (up to a few 10'7 W/cm?) femtosecond (down to 40 fs) laser pulses are focused onto a partially
clusterized argon gas jet. The target was previously characterized and optimized in order to get a homogeneous
and dense jet of clusters with a well controlled size. The interaction leads to x-ray emission that is absolutely
calibrated and spectrally resolved using a high resolution time-integrated spectrometer in the K-shell range
(from 2.9 to 4.3 keV). X-ray spectra are investigated as a function of different laser temporal parameters such
as the nanosecond prepulse contrast, the laser pulse duration, and the femtosecond delay between two different
laser pulses. The cluster size ranges from 180 to 350 A and irradiation by laser pulses with both linear and
circular polarization is investigated. The experimental results are discussed in terms of the laser-cluster inter-
action dynamics. They are compared with the predictions of collision-dominated nanoplasma models. How-
ever, further interaction processes are required in order to explain the observed characteristic lines demonstrat-

ing highly charged ions up to Ar'®*.
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I. INTRODUCTION

In the last decade, the irradiation of rare gas clusters with
intense femtosecond lasers (>10" W/cm?, <1 ps) has been
extensively studied [1]. Anomalous x-uv and x-ray emission
has been observed from the laser interaction with a high
pressure rare gas jet and has been demonstrated to be corre-
lated with cluster production in the jet [2]. This result has
been confirmed by other groups together with the detection
of high energy electrons and high charge state ions from this
type of laser target [3—7]. Using deuterium clusters, neutrons
have also been produced via nuclear fusion reactions with a
relatively small laser system [8]. Such a target is obtained by
the rapid expansion of a high pressure rare gas through a
nozzle. Its partial condensation into clusters leads to an in-
termediate medium between gas (low average density) and
solid (high local density), combining advantages of both tar-
gets: propagation through a large interaction volume and
highly efficient absorption of laser energy (up to ~95% [9]).
Applications of the laser-cluster interaction have been pro-
posed relying on these unique properties. In particular, high
repetition rate laser-based radiation sources are expected
without debris: in the x-uv range for lithographic applica-
tions [10] and in the multi-keV range for ultrafast x-ray sci-
ence applications [11].

Its possible application to the ultrafast x-ray science relies
on the ability to produce x-ray bursts in the picosecond or
subpicosecond range. To our knowledge, only two experi-
ments have been performed so far in order to determine the
x-ray duration in the multi-keV range. The first one reported
a few nanoseconds duration for the K-shell x-ray emission of
argon clusters (~3 keV) [12]. This result has not been con-
firmed by the second experiment, since they have measured
a duration of 100 ps for the M-shell of xenon clusters
(~1 keV), limited by their temporal resolution [13]. The de-
termination of the duration of x-ray emission from clusters is
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still a great experimental and theoretical challenge. Its deter-
mination depends a lot on the model considered to describe
the dynamics of interaction.

Different models have been developed in order to de-
scribe this regime of laser-matter interaction (cluster radius
R<laser wavelength \). Inspired by the physics at the
atomic and molecular level, the first one was proposed by
Rhodes and co-workers: the so-called “coherent electron mo-
tion model” (CEMM) [14]. In this model, the free electrons
(Z) from the ionized cluster oscillate coherently in the exter-
nal laser field. They are considered as a quasiparticle pos-
sessing effective charge Ze and mass Zm, increasing signifi-
cantly the ionization efficiency in the collisions with
intracluster ions and atoms. Limited to the treatment of small
clusters (<1000 atoms), the CEMM reproduces the ex-
tremely high ionization levels observed in the x-ray measure-
ments and predicts x-ray emission bursts as short as the laser
duration.

In the case of larger clusters (~ 10° atoms), the collisional
processes are expected to dominate the laser-cluster interac-
tion, breaking the coherence of electron motion. In this re-
gime, the “nanoplasma” model has been proposed by Dit-
mire et al. [15], including collisional mechanisms taken from
classical laser-solid interactions. Basically, the interaction
begins with the ionization of atoms in the external laser field.
Then, the free electrons are accelerated and heated via the
inverse bremsstrahlung process, leading to an additional col-
lisional ionization. Finally, the cluster expansion is driven by
both the hydrodynamic pressure and the Coulomb pressure
(considering that some electrons have left the cluster). This
model assumes instantaneously thermalized electrons. It has
been developed considering a small homogeneous nano-
plasma without any thermal or density gradients. The energy
deposition is mainly driven by a huge laser field resonance
inside the cluster, occurring during the cluster expansion
when the electron density n,=3n, (n, is the critical density at
N). Two different time scales have been derived: the time
T, needed to reach this resonant condition (a few 100 fs to
picoseconds) and the resonance duration &t,,, which has been
estimated to be very short (<10 fs). More recently, one-
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dimensional calculations have been proposed by Milchberg
and co-workers [16,17]. They demonstrate that the laser en-
ergy deposition process is dominated by a large absorption in
the density gradient close to the critical density 7., similar to
the classical resonant absorption in laser-solid interaction.
The duration of the efficient laser absorption o, is greatly
increased in this description (=100 fs).

These models have been proposed to describe the dynam-
ics of the cluster ionization, heating, and expansion. Studies
are still in progress and remain a great theoretical challenge.
They need to be supported by experimental data, in order to
confirm the mechanisms involved in the laser-cluster interac-
tion and then to benchmark the existing codes. The lack of
simulation is even greater concerning the x-ray emission dy-
namics of irradiated clusters [18-21].

Time-integrated x-ray measurements are expected to shed
some light on mechanisms involved in the first picoseconds
of the interaction, when a large x-ray emission peak is ex-
pected from the clusters. In the present paper, we report an
experimental study of the K-shell x-ray emission (~3 keV)
of argon clusters irradiated by intense femtosecond laser
pulses. Time-integrated high resolution spectra are reported
(i) as a function of various laser temporal parameters (from
the nanosecond down to the femtosecond scale), (ii) with
both a linear and a circular polarization, and (iii) as a func-
tion of the cluster size (varied from 180 to 350 A radius).
The experimental observations are interpreted in term of the
laser-cluster dynamics, leading to different time scales for
the cluster expansion and the cluster heating. These results
are then compared with the nanoplasma models.

II. EXPERIMENTAL SETUP

Experiments have been performed with the CELIA kilo-
hertz laser system [22]. Up to 4 mJ is delivered on target in
40 fs pulses full width at half maximum (FWHM) at 800 nm
central wavelength. A quarter wave plate is placed in the
laser beam in order to vary its polarization from linear to
circular. The beam is focused into a 3.0+0.5 wm spot (radius
at 1/e of the maximum intensity measured under vacuum).
The energy measurements in the focal spot lead to a maximal
intensity close to (2.5%1.0) X 10'7 W/cm?.

The temporal characteristics of the laser pulses have been
studied with special care since they could affect the dynam-
ics of the laser-cluster interaction. The laser duration is mea-
sured using a second order autocorrelator. A minimum value
of 40+5 fs FWHM is obtained with the optimum compressor
adjustment. The behavior versus the distance between the
compressor gratings is fully calibrated, leading to the control
of the laser pulse duration up to 2 ps within a 20% error bar.
A third order autocorrelator trace is plotted in Fig. 1. A ped-
estal attributed to amplified spontaneous emission is mea-
sured at (3+1) X 1077 of the main pulse, i.e., one order of
magnitude above the estimated detection threshold. No
prepulse is detected on this 100 ps time scale. Due to the
laser architecture, the prepulse is detected 4 ns before the
main pulse. Its relative amplitude is observed with a photo-
diode. It is controlled with adjustment of the Pockels cells
delays, from less than 107 to 107"
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FIG. 1. Laser pulse temporal contrast measured with a third
order autocorrelator (logarithmic scale). The detection threshold
was determined blocking the laser beam during the scan between 80
and 70 ps before the main pulse.

The clusters are produced from the partial condensation of
high pressure argon expanding through a conical nozzle, de-
signed to get a homogeneous cluster distribution in a 4 mm
diameter jet. This study is performed with relatively large
clusters (~10° atoms per cluster) and the laser beam is fo-
cused 2 mm from the nozzle output. A previous study has led
to complete jet characterization in this configuration [23]. Tt
has been supported by optical measurements and numerical
simulations. The average cluster radii are given by R=180,
275, and 350 A for the corresponding argon pressures P,
=20, 40, and 60 bars. The standard deviation of the cluster
radius distribution is expected to be limited by OR/R
< 15%. The total atomic density is in the range of 10'* cm™
including the gas and the cluster phases. The condensation
rate remains close to (25+10)%. The cluster jet is not oper-
ated continuously, in order to preserve an average residual
pressure below a few 1072 mbar inside the experimental
chamber. It is opened for durations up to 40 ms each second.
The time needed to get a stationary gas flow is expected to
be below 1 ms [23], so that the cluster jet can be considered
identical for each laser pulse during the 40 ms cluster jet
interval.

III. EXPERIMENTAL RESULTS

In this dense jet regime, the x-ray emission has been ob-
served to depend drastically on the position of focal plane in
the cluster jet, indicating strong effects due to laser propaga-
tion. This point will be presented in detail in a forthcoming
publication. In the present paper, the interaction is studied by
focusing the laser on the edge of the cluster jet. The values of
focal spot sizes, the maximum fluences and intensities are
reported here as measured under vacuum.

A. High resolution x-ray spectra

The x-ray emission is spectrally resolved using a high
resolution focusing spectrometer developed by us in collabo-
ration with Faenov and co-workers [24,25]. The time-
integrated spectra are measured in the range from
2.9 to 3.3 keV in the fourth order of a mica crystal, and re-
corded on a 16-bit x-ray charge coupled device camera. The
spectral resolution is 2 eV. The x-ray spectrometer efficiency
is calibrated within a 20% error bar. The spectral dispersion
is calibrated from tabulated resonance lines Hea (and its
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FIG. 2. K-shell x-ray spectrum of 350 A average radius argon
clusters irradiated by 500 fs FWHM and 3.0 mJ laser pulses, corre-
sponding to 1.6X 10'® W/cm? maximum intensity. Different lines
are emitted from different charge state ions, up to Ar'®*.

intercombination line), HeB, Hey, and Hed, respectively,
corresponding to transitions from the 1s2p (1s2s), 1s3p,
1s4p, and 1s5p levels to the 1s? level [38].

Each x-ray spectrum is the result of an accumulation of a
few tens of thousands of shots. Figure 2 presents the spec-
trum obtained from 350 A average radius argon clusters ir-
radiated by 500 fs, 3.0 mJ laser pulses. The estimated maxi-
mum intensity is 1.6X10'®© W/cm?> and the relative
amplitude of the 4 ns prepulse is 2 X 107® (cf. Sec. III B).
Different lines are observed; a few of them arise from the
fifth order diffraction of the mica crystal.

We focus on the Hea line and its satellites, since they
consist of transitions from ions of different charge states,
emitted through well separated and identified lines. For clar-
ity reasons, they are presented on Fig. 2 only in the range
from 3.00 to 3.16 keV. The emission is observed from very
highly charged argon ions, from Ar'?* up to Ar'®*. No emis-
sion is observed in the “cold” K« line, corresponding to Ar®*
or less. This could indicate that the neutral atoms (or the ions
without vacancy in the L-shell) are no longer present in the
cluster when the x-ray emission occurs.

The observed K-shell emission requires a significant frac-
tion of electrons with an energy typically greater than 4 keV
[21] to induce K-shell vacancies. It corresponds in fact to the
maximum energy in the collisionless motion of an electron in
a linearly polarized laser field with radiation intensity greater
than 3.3 X 10'® W/cm?. Circular polarization with this inten-
sity would give rise to a constant orbital energy of the same
value, 4 keV. Measurements are performed with both a lin-
ear and a circular laser polarization. The x-ray signal remains
the same, confirming previously published results [26]. Even
the line shapes and amplitudes remain unchanged, indicating
that the heating is dominated by collisional processes in this
regime of large clusters, as assumed in the nanoplasma mod-
els.

The x-ray spectra are observed through different angles
between 20° and 160° from the incident laser beam, without
any significant modification. This suggests an isotropy over
41 sr. This is expected from the spontaneous emission of a
nanoplasma in the x-ray range of interest for which reabsorp-
tion could be neglected. As presented in Fig. 2, the emission
in the Hea line reaches (4.2+0.5)X 10° photons/
(srshoteV). This corresponds to (2.0+0.5)X 10® K-shell
photons per shot in 47 sr, leading to (3+1) X 10~ conver-
sion efficiency from the laser energy to the Ar K-shell emis-
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FIG. 3. X-ray emission in Hea line measured as a function of
the 4 ns laser prepulse intensity. 275+40 A radius Ar clusters are
irradiated by 300 fs FWHM and 3.0+£0.2 mJ laser pulses, corre-
sponding to a maximum intensity of (3.0+0.6) X 10'© W/cm?. The
shaded area indicates the intensity range of a 300 fs laser pulse
leading to the single ionization of argon with a probability between
10% and 90%.

sion (~3 keV). In the next sections, the x-ray emission in
Hea is used in order to quantify the x-ray intensity as a
function of the different laser and cluster parameters.

B. Influence of the laser temporal contrast

The x-ray spectra are studied as a function of the 4 ns
prepulse laser temporal contrast. Figure 3 reports measure-
ments performed with a 300 fs and 3.0 X 10'® W/cm? main
laser pulse irradiating 275 A average radius clusters. The
intensity of the 4 ns prepulse is increased from less than 8
X 10" (limited by detection threshold) to 5X 10'> W/cm?.
The x-ray signal is observed to decrease by more than one
order of magnitude when the prepulse intensity exceeds a
threshold between 0.8 and 4.0X 10'* W/cm?. This feature
suggests that the clusters could be ionized by the prepulse
and then expand in less than 4 ns. The main laser pulse
would then interact with a gas density target, which could
explain the drastic reduction of the x-ray production. The
relatively slow decrease observed in Fig. 3 should be attrib-
uted to the spatial integration over the focal volume.

Calculations based on the Ammosov-Delone-Krainov
(ADK) rate [27] are performed in order to deduce the prob-
ability of argon single ionization with 300 fs FWHM laser
pulses of variable maximum intensities. The intensity range
leading to a probability between 10% and 90% is shown in
Fig. 3. It presents a good agreement with the observed
threshold. Two conclusions could be drawn from these mea-
surements. First, within the experimental uncertainty, they
validate the assumption made in the nanoplasma models that
the first free electrons are expelled via tunnel ionization. Sec-
ond, they confirm that the dynamics of the ionized cluster
takes place over a time scale shorter than the nanosecond.

In order to prevent any modifications of the clusters be-
fore the interaction with the main laser pulse, all the other
results presented in this paper are obtained with a 4 ns
prepulse whose relative amplitude is lower than 2X 1076
(limited by the detection threshold). As a picosecond
prepulse has been previously suspected to be important in the
generation of the x-ray spectra [19,28], it is studied with a
special care, using the third order autocorrelator. A measure-
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FIG. 4. Detail of the laser pulse temporal contrast measured
with a third order autocorrelator for a 300 fs FWHM and
3.0+£0.2 mJ main laser pulse, corresponding to a maximum inten-
sity of (3.0+0.6) X 10'© W/cm?. The shaded area indicates the in-
tensity range leading to the single ionization of argon with a prob-
ability between 10% and 90%.

ment is plotted in Fig. 4 with the same parameters for the
main laser pulse as in Fig. 3. The intensity range for a single
ionization of argon calculated between 10% and 90% is re-
ported. This figure clearly demonstrates that no prepulse is
expected to preionize the clusters, providing experimental
conditions as clean as possible for comparison with the
models.

C. Study with varying laser pulse duration

The x-ray spectra are measured for various pulse dura-
tions from 40 fs to 2 ps FWHM. The x-ray signal in Hea is
plotted in Fig. 5, when argon clusters with 350 A average
radius are irradiated by 3.0 mJ laser pulses. The fluence is
maintained at 8.0 X 10* J/cm? on the target, while the maxi-
mum intensity is decreased from 2.0 X 10'7 W/cm? (at 40 fs)
to 4.0X 10" W/cm? (at 2 ps). Measurements are reported
with a positive and a negative chirp without clear distinction
between them [29]. This can be understood within the frame
of the nanoplasma models. The dynamics of the interaction is
predicted to be mainly driven by the temporal distribution of
the laser energy. In our case, the laser spectrum is symmetric
so that the sign of the chirp should just modify the order of
appearance of the frequencies inside the laser envelope with-
out changing the pulse shape.

The x-ray intensity is observed to reach a maximum
for an optimum laser duration 7,,. The experimental data
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FIG. 5. X-ray emission in Hea line measured as a function of
the laser duration. 350 A radius Ar clusters are irradiated by 3.0 mJ
laser pulses, corresponding to a maximal fluence on target of 8.0
X 103 J/ecm?. Empty circles, negative chirp; full squares, positive
chirp.

PHYSICAL REVIEW E 71, 066410 (2005)

1.93 ps -
e e e e e i
= 1.17 ps B
8 s -
g 0.55 ps :
£ b :
= 0.25ps N
& | F A
o2 D e e e -
& [0076ps -
w [ -
Eon/ S At e M -
2.95 3 3.05 3.1 3.15
energy (keV)

FIG. 6. K-shell x-ray spectra measured as a function of the laser
duration. Argon clusters with 350 A average radius are irradiated by
3.0 mJ laser pulses, corresponding to a maximum fluence of 8.0
X 103 J/cm?. The laser pulse durations (FWHM) are indicated on
the corresponding normalized spectra.

are fitted by an arbitrary function proportional to
7 exp(-27/T,,), where 7 is the laser duration. An optimum
duration T,,,=500+50 fs is deduced from the fit. This result
indicates a regime far from the interaction with a single atom
where the electron energy increases with the laser intensity.
Similar features have been previously observed in absorption
experiments [30], indicating that a characteristic time should
be necessary to optimize the energy deposition in the
clusters.

The optimum duration 7, is estimated for the x-ray
emission through the Hea line. Similar results are obtained
for the other lines. Nevertheless, the spectral aspects are ob-
served to strongly depend on the laser duration, as shown in
Fig. 6. The general aspect is similar to the one presented in
Fig. 2 for a laser duration close to or higher than T,,,. In the
special case of the shortest durations (i.e., <100 fs), the con-
tribution from the other lines is higher relative to the Hea
line. This demonstrates a larger distribution of the ionic
charge states ranging from Ar'>* down to Ar’*. This suggests
that a certain pulse duration is required to produce the high-
est charge states.

The same experiment is performed with different sizes of
clusters (from 180 to 350 A average radius). The data are
plotted in Fig. 7. The same general behavior is observed as a
function of the laser pulse duration. The optimum duration
T, increases with the cluster size. The influence of the laser
energy is also studied. Figure 8 presents the data obtained
with 275 A average radius clusters irradiated with different
maximum laser fluences. The same behavior is again ob-
served. As expected (cf. e.g. [21]), the x-ray emission is
found to increase with the laser energy. The optimum dura-
tion is estimated to slightly increase when the laser energy
decreases, as will be discussed in the section IV A.

D. Experiments with two laser pulses

Experiments are performed irradiating the clusters with
two identical 40+5 fs FWHM laser pulses. They are pro-
duced with a Michelson-type optical setup. Due to the focus-
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FIG. 7. X-ray emission in the Hea line measured as a function
of the laser duration. Ar clusters with different sizes are irradiated
by 3.0 mJ laser pulses, i.e., a maximum fluence on target of 8.0
X 103 J/cm?. Full triangles, clusters with 180 A average radius are
irradiated; empty circles, 275 A; full squares, 350 A.

ing, their durations are estimated to become 45+ 15 fs on the
target. The delay between the two pulses is varied with a
motorized translation stage. Several diaphragms are inserted
on one of the two beams in order to vary the irradiation
fluence of the first pulse on the target.

The x-ray measurements are plotted in Fig. 9 for three
different fluences of the first pulse as a function of the sec-
ond pulse delay. The general features observed are (i) the
signal is close to or below the detection threshold when the
two pulses are overlapped in time; (ii) it increases rapidly to
reach a maximum value for an optimum delay 7,,,,; and (iii)
then it decreases very slowly. a signal is still detected with a
delay larger than 5 ps. T, is estimated at the peak of the
rapid increase as indicated by the arrows in Fig. 9. Techni-
cally, the experimental points up to the peak are fitted with a
Gaussian function and its maximum is used to assign a value
to T, Such a procedure results in large error bars for the
estimated 7,,,, values.

With an optimum delay, the spectra are significantly dif-
ferent compared to the one obtained with a single pulse of
optimum duration as illustrated in Fig. 10. A larger contribu-
tion of the lines from low charge state ions is measured:
down to Ar’*, similar to the spectrum with a 45 fs single
laser pulse.
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FIG. 8. X-ray emission in the Hea line measured from clusters
with 275 A average radius, as a function of the laser duration. Full
triangles, 1.8 mJ in the laser pulse corresponding to a maximum
fluence of 4.8Xx10° J/cm?. Empty circles, 2.8 mJ, ie., 7.5
X 10% J/cm?. Full squares, 3.8 mJ, i.e., 1.0 X 10* J/cm?.
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FIG. 9. X-ray emission in the Hea line measured as a function
of the delay between two 45+15 fs FWHM laser pulses irradiating
350 A average radius clusters. Full triangles, with 1.0 X 10° J/cm?
in the first pulse; empty circles, 1.9X 10° J/cm?; full squares,
3.2%10% J/cm?. The fluence of the second pulse is maintained at
3.2X10% J/cm?. The optimum delays T, are indicated with
arrows.

IV. DISCUSSION

The measurements reported in Sec. III A as a function of
the laser polarization suggest that the motion of the electrons
is dominated by collisional processes. As a consequence, the
CEMM is not considered for the data analysis. Instead, the
nanoplasma models which are more adapted to this large
cluster regime (more than 10° atoms per cluster) are consid-
ered. The experiment presented in Sec. III B as a function of
the 4 ns prepulse intensity confirms that tunnel ionization is
the first mechanism involved in the laser-cluster interaction.

A. Dynamics of absorption and heating

The K-shell x-ray spectra are the results of inner shell
vacancies that should be generated by energetic electrons. In
that sense, the observation of intense x-ray emission should
be associated with an efficient coupling from the laser energy
to the free electrons of the irradiated clusters. Considering
this, the measurements reported in Fig. 7 confirm previous
observations of an optimum duration for a single laser pulse
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FIG. 10. K-shell x-ray spectra measured as a function of the
delay between two 45+15 fs FWHM laser pulses irradiating argon
clusters with 350 A average radius. The maximum fluence of the
two pulses on target is set to 3.2 10% J/cm?. The delays between
the pulses are indicated on the corresponding normalized spectra.
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TABLE I. Optimum laser duration 7,,, (FWHM) for the x-ray
production in the Hea line with a single pulse. The values are
deduced from the experimental data as described in Sec. III C, as a
function of the cluster average radius R and of the laser energy E.
The maximum laser fluences F (J/cm?) on the target can be esti-
mated under vacuum, by multiplying E (mJ) by (3.5+1.4) X 10°.
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TABLE II. Optimum delay 7,,,, between the two 45 fs FWHM
laser pulses for the x-ray production in the Hea line. The values are
deduced from the experimental data as a function of the laser en-
ergy E in the first laser pulse. The corresponding maximum laser
fluences F on clusters with 350 A average radius are indicated, as
estimated under vacuum.

E (mJ) R (A) Topt (ps) E (mJ) F (J/em?) Tax (PS)
3.0+£0.2 180+25 0.25+0.05 0.45+0.05 (1.0+0.4) X 10° 1.00+0.25
3.0+£0.2 275+40 0.40+0.07 0.70+£0.05 (1.9+0.7) X 103 0.75+0.20
3.0+£0.2 350+50 0.50+0.05 0.90+0.05 (3.2+1.3)x 10 0.50+0.15
1.8+0.2 275+40 0.58+0.05

2.8+0.2 275+40 0.48+0.06

38402 275440 0424007 namics of the laser-cluster interaction. The first pulse is re-

to be efficiently absorbed in a cluster target [30]. In this
reference, the optimum duration is interpreted within the
nanoplasma model in terms of an absorption resonance en-
countered when the free electron density in the cluster is
close to 3n,. In the one-dimensional model extension [16],
this resonance density n,,, is expected to be the critical den-
sity n.. The time needed for the electron density to decrease
from its initial value n, down to n,,, is given by Eq. (1) as a
function of the average radius R of the clusters [15]. C, des-
ignates the ion acoustic velocity that is proportional to the
square root of the energy initially deposited in the electrons.

R{ ny\
Texp =5 ( _> . (1)
CS nres
In the present paper, the optimum durations T,,, are de-

termined from single pulse duration scans. They are reported
in Table I. Two power scaling laws are derived, (i) as a
function of the characterized average radius R of the clusters
[cf. Eq. (2)], and as a function of the laser maximal fluence F
on the target as estimated under vacuum [cf. Eq. (3)]. A
linear dependence of 7, on the cluster average radius R is
observed, in good agreement with Eq. (1) derived from the
nanoplasma models. This would confirm that the laser pulse
has to be as long as the expansion time T, needed for the
clusters to reach the characteristic density n,,, for efficient
absorption and electron heating. If we assume that the laser
energy deposited in the cluster is proportional to the incident
laser energy, then the dependence on the laser energy should
be considered also in good agreement with this picture:

Top[ o Rl.OSiO.lS’ (2)
Tapr o F—OAS:O.IS. (3)

Subpicosecond times are derived for the cluster expansion
from these single pulse experiments. But they cannot resolve
the duration &t,,, of the efficient absorption process. More-
over, Eq. (1) assumes that the cluster expansion starts from
an instantaneous initial heating of the electrons, which is a
priori far from the reality with picosecond laser pulses. The
experiments with two delayed 45 fs FWHM laser pulses are
more suitable to extract the temporal parameters of the dy-

sponsible for the initial heating of the cluster and initiates its
expansion. The x-ray emission induced by this first pulse
alone is observed to be close to the detection threshold. Then
the x-ray emission measured when the cluster is irradiated
with the two delayed pulses is mainly due to the efficient
heating of the cluster by the second pulse. The delay 7,
that is observed to maximize the x-ray emission is reported
in Table II as a function of the laser energy in the first pulse
for clusters with 350 A average radius. The delays obtained
are very similar to the values of 7, derived from the single
pulse experiments. A power scaling law is deduced as a func-
tion of the maximum fluence F of the first pulse on target [cf.

Eq. (4)]:
T

e F_0'6010'25. (4)

Within the large uncertainty, and assuming that the initial
heating of the cluster is proportional to the laser energy in
the first pulse, one could observe a reasonable agreement
with the nanoplasma model prediction [i.e., agreement be-
tween Egs. (4) and Eq. (1)]. This confirms that a character-
istic electron density n,,, is required inside the cluster to
efficiently absorb the laser energy in the heating of the free
electrons, as proposed in both references [15,16]. The mea-
surements do not provide the determination of n,,, between
the two different values proposed (37, in Ref. [15] and n, in
Ref. [16]). However, the experimental data plotted in Fig. 9
demonstrate that the electron heating by the second laser
pulse could be efficient within picoseconds after the irradia-
tion with the first pulse. This result is clearly in contradiction
with the very short resonant duration (t,,,~ 10 fs) predicted
by the original nanoplasma model [15]. The one-dimensional
extension of the model could be more appropriate to describe
the laser absorption and the dynamics of the cluster heating
[16]. Other effects that could contribute to enlarge the ob-
served Oty are (i) the distribution of the cluster size in the
jet; (ii) the distribution of the laser fluence on the clusters in
the interaction volume.

B. X-ray spectra line analysis

The K-shell x-ray spectra measured indicate the presence
of high ionic charge states in the emitting plasma. This ob-
servation has been previously reported in several papers
[18,21,28] with similar laser and cluster parameters. The ion-
ization state inferred from the x-ray lines emitted is observed
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FIG. 11. Average ionic charge state (Z) deduced from calcula-
tions for different laser durations and cluster sizes. The maximum
fluence is set to 8.0X 103 J/cm? on the target, as estimated under
vacuum during the experiments. Full circles, calculations for 180 A
clusters; full squares, calculations for 350 A clusters.

to increase when the duration of a single laser pulse ap-
proaches the optimal value T, (cf. Fig. 6). In this case, the
x-ray spectra are dominated by the lines emitted by Ar'>* and
Ar'%* jons. This indicates that a certain time (a few hundreds
of femtoseconds) is necessary to reach the highest ionization
states, as expected from a model of sequential ionization.
The experiments with the two delayed short pulses demon-
strate that the x-ray spectra are not so strongly modified with
the delay (cf. Fig. 10). They show similarities to the one
recorded using a single 45 fs pulse, i.e., suggesting a large
distribution of emitting ions from Ar’* to Ar'®*. The most
probable scenario that could be concluded from this result is
that the ionization is mainly achieved by the first pulse inter-
acting with a high density nanoplasma. The second pulse
would heat the lower density plasma, but it would be too
short to drastically increase the ionization.

The major aspect that is still to be understood is the pres-
ence and in many cases the dominance of Ar'®* ions. Within
the framework of the nanoplasma model [15], the production
of the high charge states is ascribed to the collisional ioniza-
tion by the energetic electrons driven by the giant laser field
resonance occurring when the electron density decreases to
n,=3n, during the plasma expansion. In order to investigate
this issue more in detail, a computer code is developed in-
cluding the mechanisms proposed in Ref. [15]. In integrating
the equations for the temporal evolution of the nanoplasma, a
major problem occurs at the resonance for n,=3n,., where the
laser field and the plasma heating rate grow to unreasonably
high values. This difficulty has been circumscribed by Megi
et al. [31] by introducing collisions between the electrons
and the cluster surface at a rate s=v/R, where vz=(vlzh+v621)
is the effective electron velocity. It takes into account both
the thermal velocity v,, and the quiver velocity v,. These
collisions dominate the electron heating process near the
resonance, where v is high, and suppress the singularity in
the temporal evolution of the nanoplasma. Although quite
arbitrary, we have adopted this mechanism in our computer
code, and obtain stable solutions with finite values for the
electron-ion collision frequency and the electron temperature
near the resonance.

Figure 11 presents the average ionic charge state reached
at the end of the laser pulse, computed by our code as a
function of the pulse duration with constant fluence 8.0
% 103 J/cm? on the target, and for two different cluster sizes.
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The optimum pulse duration deduced for the production of
high charge states is shorter (~100 fs) than the experimen-
tally observed value. The model fails to predict ionic charge
states as high as Ar'®*. The highest charge state reached in
the computer simulation is Ar'** (less than 10% of the ions),
the majority ion being Ar'** when using 100 fs laser pulses
interacting with 350 A argon clusters.

Additional mechanisms have to be considered in order to
reproduce the observed charge states. The collisional ioniza-
tion is evaluated using the Lotz cross section [32], which is
an empirical formula valid for a binary impact between an
electron and an isolated ion. Inside a cluster the ionization
rate could be enhanced by Coulomb-barrier lowering due to
the neighboring ions [33], by screening effects of the Cou-
lomb interactions at high electron density [34], and by co-
herent multielectron motion [14]. In the one-dimensional
model of Milchberg et al. [16], the laser energy is deposited
in the high density gradient close to the critical density n,,
which moves inward during the laser-cluster interaction. This
could have the effect of greatly increasing the efficiency and
the duration of the laser-plasma coupling, and locally pro-
ducing high charge states.

Recently a very simplified model of the interaction has
been proposed by Smirnov and Krainov [35]. The ionization
of the cluster ions (“inner ionization”) is caused by the com-
bination of the laser field and the static radial field resulting
from a fraction of the free electrons having left the cluster
(“outer ionization”). The coherent motion of these quasi-
free-electrons could give rise to additional effects, such as
quasiparticle enhanced ionization [14], or the quasiresonance
ionization mechanism found in the classical trajectory stud-
ies performed for smaller clusters (~103 ions) [36]. The lat-
ter effect is related to the motion of the unbound electrons in
the entire cluster, and could lead to an “outer ionization”
significantly higher than predicted by the formula of Ditmire
et al. [15], which would in turn increase the intracluster
fields and the ionic charge states by barrier suppression. The
“ionization ignition” mechanism, first proposed by Rose-
Petruck et al. [37], should be considered together with these
effects. More work, both experimental and theoretical, is
clearly needed in order to gain a better understanding of the
various processes taking place in the dynamics of the laser-
cluster interaction.

V. CONCLUSION

Large argon clusters (average radius ranging from
180 to 350 A as previously measured [23]) are irradiated by
intense femtosecond laser pulses (up to a few 107 W/cm?).
K-shell x-ray spectra are registered as a function of the size
of the clusters, the laser energy, its polarization, and different
laser temporal parameters (the nanosecond contrast, the
single pulse duration and the delay between two pulses). The
study varying the polarization shows that the interaction is
dominated by the collisions in this regime. The laser inten-
sity threshold for the destruction of the clusters is observed
to correspond to the ionization threshold through ADK cal-
culations [27], indicating that tunnel ionization should be the
first mechanism involved in the intense laser-cluster interac-
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tion. The study as a function of the duration of a single laser
pulse demonstrates an optimal duration for the x-ray produc-
tion, that linearly depends on the clusters size and ranges
from 250 to 580 fs. With lower laser energies, a delay be-
tween two laser pulses is measured to optimize the x-ray
production in a similar range from 500 fs to 1 ps. These
results suggest that an optimal average electron density has
to be reached through expansion for the laser to efficiently
heat the clusters. The experimental data are compared to the
nanoplasma model [15]. This model predicts an absorption
resonance when the density is close to 3n, for a very short
time interval (&t,,,~ 10 fs) which is not observed in the ex-
periment with the two laser pulses. The one-dimensional ex-
tension of the nanoplasma model [16] could contribute to the
description of the experimental results. The heating is then
expected to occur mainly at the critical density n. which
would exist in the density gradients for a longer time, com-
parable with the few picoseconds observed. Simulations are
performed, clearly indicating that additional mechanisms

PHYSICAL REVIEW E 71, 066410 (2005)

should be considered to reproduce the high ionization states
observed (up to Ar'®*).
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