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X-ray emission spectra of the plasma
produced by an ultrashort laser pulse in cluster targets

C Stenz, V Bagnoud, F Blasco, J R Roche, F Salin,

A Ya Faenov, A I Magunov, T A Pikuz,I Yu Skobelev

Abstract. The first observation of x-ray emission spectra of
multiply charged ions in the plasma produced by a 35-fs laser
pulse with an intensity up to 10'” W ¢m 2 in CO, and Kr gas
jet targets is reported. The emission in the wavelength ranges
of the 1snp — 1s*(n = 3 — 6) transitions of O VII ions and the
Ly, line of O VIII ions, as well as of the (251/221)6 3p3h
—25°2p° 'S, and (2s,,2p°3p; ), — 25°2p° 'S, lines of Ne-
like KrXXVII ions testifies that the highly ionised plas-
ma is formed by collision processes in clusters. Modelling
the shape of the spectral lines of oxygen ions by including
the principal mechanisms of broadening and absorption in
optically dense plasmas reveals that the main contribution
to the time-integrated intensity is made by the plasma with
the parameters N, = (2 —20) x 10*® cm™ and 7, = 100 —
115 eV.

1. Introduction

Extensive investigations of the plasma produced by ultra-
short laser pulses exceeding 1 TW in power are currently
underway. Experiments are staged using both solid and gas
targets. In the latter case, the investigations are concerned
with phenomena like the generation of short-wavelength ra-
diation, hot electrons, and fast ions, like self-focusing and
channelling of the laser radiation, etc. [1—6]. These effects
occur directly upon the interaction of the laser radiation with
matter.

The specific features of plasma formation by an intense
ultrashort laser pulse in gas targets reveal themselves in
the plasma emission spectra following the passage of the
pulse. For instance, complete ionisation of atoms in the light
field of a laser pulse is accompanied by a rapid recombination
with an amplification of the soft x-ray radiation at the reso-
nance transition to the ground state of the H-like ion, which
was observed in emission at 13.5 nm for the Ly, transition in
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the LillI ion [7]. The progress towards a shorter-wavelength
spectral region is possible with targets of heavier elements. In
a strongly supercooled plasma, recombination can proceed
faster than radiative transitions from highly excited levels.
This results in the formation of ‘hollow’ ions, in which all
electrons reside in highly excited states and the emission spec-
trum in the vicinity of the corresponding resonance lines
becomes quasi-continuous [8].

A study of gas targets with a high content of multiparticle
clusters [9—11] is of special interest, because collision proc-
esses begin to play the dominant role in the plasma
formation owing to a high atom density inside the clusters.
At the same time, because of the relatively small size of
the gas cluster, it is penetrated by the laser field, resulting
in tunnel ionisation of the atoms. Recently, a significant ther-
monuclear neutron yield was detected upon photoionisation
of deuterium-enriched cluster targets by an ultrashort laser
pulse; the energies of the ions produced in the target were
high enough for a fusion reaction to commence [12]. The
study of the emission spectra of the plasma produced by
ultrashort laser pulses yields additional information on the
role of various processes in the plasma formation from clus-
ters. In Ref. [13], the emission of multiply charged ions with
the energy up to 1 MeV was detected.

In this paper, we used the x-ray spectroscopic techniques
to study emission of the plasma produced by 35-fs laser pulses
with an intensity up to 10'7 W cm~? in high-pressure gas jet
targets of CO, and Kr, in which clusters are formed. The
range of parameters of the plasma under study is determined
by modelling the observed line spectra taking into account
the principal mechanisms of line broadening.

2. Experimental

The experiments were performed at a laser setup at Bor-
deaux. Its operation involved a chirped-pulse amplification
in a four-stage Ti:sapphire rod amplifier (4;, = 0.79 pm) with
subsequent reduction of the pulse length to 20 fs using dif-
fraction gratings. The pumping was accomplished by the
pulsed radiation from five Nd:YLF lasers with a repetition
rate of 1 kHz, which allowed us to obtain output pulses with
energies up to 20 mJ at the same repetition rate. A regener-
ative amplifier incorporated in the setup produced prepulses
arriving a few nanoseconds prior to the main pulse. A Pock-
els cell was placed behind the first amplifier to suppress the
prepulses and to augment the energy contrast ratio of the
main pulse up to 10* — 10°. The background intensity was at
least eight orders of magnitude lower than the pulse inten-
S1ty.
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Figure 1. Schematic of the setup for measuring the x-ray emission spectra
from a gas-target plasma (a); spectrogram of the spectrograph (/) having
a spatial resolution along the laser beam axis (b); spectrogram of the spect-
rograph (2) with a spatial resolution across the laser beam axis (c); and
pinhole camera x-ray plasma image (d): (/, 2) focusing spectrographs;
(3) photographic film; (4) pinhole camera; (5) nozzle; (6) gas jet; (7)
laser beam.

Provision was made for correcting the pulse front to en-
sure that the pulse length did not exceed 35 fs. As a pre-
caution against damage to the compression gratings, the
maximum pulse energy at the target did not exceed 15 mlJ.
The laser beam was focused by an off-axis parabolic mirror.
The radius of the focal spot in vacuum was 6 pm at the 1/¢?
level, which corresponds to a peak intensity of 10'7 W cm ™.
The laser pulse was focused into the gas jet at a distance of
1.25 mm from the nozzle outlet.

The target was a pulsed gas jet (Fig. 1a) that was issued
from a supersonic cylindrical nozzle 2.5 mm in diameter.
The gas jet flew into the vacuum chamber with a velocity
of 2.5 M and a divergence angle of 22°. The maximum gas
pressure in the valve was 40 bar. Under these conditions,
clusters are formed from Kr atoms [14] and CO, molecules
[15] in the jet owing to Van der Waals forces. The maximum
electron density in the clusters far exceeds the critical density
N& &~ 1.7-10*! cm ™. An indirect confirmation of the pres-
ence of clusters was that, with a prepulse which destroyed
them (the electron tunneling from the outer atomic shell pro-
ceeds even at intensities of 10 — 10" W cm ™ [16]), the x-
rays were absent.

The spatial characteristics of the resultant plasma were
determined using a pinhole camera with a hole 10 pm in
diameter. The image of the hot plasma region was recorded
with a 2x magnification employing a CCD with 24 pm x
24 um pixels. The CCD window was shielded with a filter
made of a 2-um-thick polypropylene layer coated on both
sides by 0.2-pm-thick aluminium layers, which transmitted
photons with energies above 200 eV. The viewing angle
with respect to the laser beam axis was 20.5°, resulting in
about a 40-pum spatial resolution in the axial direction.

The x-ray spectral measurements were carried out
employing focusing spherical (R = 150 mm) mica crystal
spectrographs [17] (Fig. 1a) in the 1.73 — 1.92 nm (the first
order of reflection) and 0.63 — 0.643 nm (the third order of
reflection) spectral ranges with the resolution 1/AZ = 2000.

The spectrographs were arranged to view the plasma at a
right angle to the laser beam axis and ensured spatial resolu-
tion either along this axis or across it. The spectra were
recorded on a RAR-2492 photographic film through a filter
composed of a 2-um-thick layer of polypropylene coated on
either side by aluminium layers 0.4 pm in thickness.

3. Modelling of the spectra

A spectrograph records a time-integrated signal, correspond-
ing to the emission in a narrow angular range, with a one-
dimensional spatial resolution. At each instant in time, the
plasma characteristics are nonuniform within the emitting
region. In modelling the observed spectra, it was assumed
that the radiation intensity is determined by the sum each
term in which corresponds to the contribution of a uniform
plasma region with a specific (average) temperature and
electron density, as well as ionic-charge plasma composition:

() = CGOo)x(w)] {1 —exp[-x(@)L]}, (1)

where
O(w) =1 Y A Syt ()N, + Qpe(@) + Qree(®)  (2)

is the emissive power of the plasma (line, bremsstrahlung,
and photorecombination radiation);

2
%(w) = (%) ZgnAnISnl (w) % + %br(w) + %ion(w) (3)

is the resonance and nonresonance (inverse bremsstrahlung
and photoionisation) spectral absorption coefficient; S, is
the spectral function normalised to unity; N, and g, are the
population and the statistical weight of the ion level n; L; is
the linear dimension of the i-th emitting plasma region; and
C; is the geometric factor, which also takes into account
integration with respect to time. For an optically thin
plasma, expression (1) takes the form

() =) GO(o)L;. )

In the calculation of the profiles of the lsnp — 15 (n = 3)
spectral lines of He-like oxygen, the wave function of an
excited electron was approximated by the Coulomb wave
functions. Taking into account the linear Stark shift in the
ion microfield, the broadening by elastic electron-ion colli-
sions, and the Doppler shift, the S,; function has the form

1
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where A, is the rate of the no(ny,n,,m) — 1 radiative tran-
sition for the sublevel with the parabolic quantum numbers
ny, ny, and m; A, = g, " >, Ay 1s the same quantity for the
level n as a whole; V(x,y) is the Voigt contour with the
Doppler width y2(7}) and the collision width 7,,;(N,, T.)
[18]; T, and N, are the electron temperature and density;
A,, 1s the linear Stark shift of the sublevel induced by the
ion field with the average intensity Fy= Zie/r%;ro =
0.62N{l/ 3 is the average distance between ions; Z; and N;
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are the average charge and the density of ions; 7; is the
effective ion temperature that takes the macroscopic plasma
motion into account. The distribution function P(a,Z;,f) of
the ion microfield F = Fyff takes into account the ion corre-
lation and the Debye screening [19], where the parameter a =
ro/rp is determined by the number of ions in a sphere with
the Debye radius rp. For a < 1, the function P transforms
into the known Holtsmark distribution function [20].

The level population densities were calculated in the con-
text of a collision-radiative model with the inclusion of the
reabsorption of the resonance radiation in the Biberman —
Holstein approximation [21]. The characteristics of bound-
free and free-free transitions in expressions (2) and (3)
were calculated from formulas given in Ref. [22]. The escape
factors were taken from the calculations performed in
Ref. [23].

Upon the expansion of dense, highly ionised species in the
background medium (following the irradiation by a laser
pulse), the typical relaxation times of the ionic excited states
in the plasma are far shorter than the characteristic electron-
density relaxation times, and therefore, the stationary sink
approximation [24] was used to calculate the population den-
sities. The ionic-charge plasma composition and T, L;, and
C;, which corresponded to the given N,, were determined
by fitting the synthesised spectrum (1) to the results of meas-
urements of the widths and the relative intensities of the lines
observed. The validity of a multiparameter description of
time-integrated plasma spectra was demonstrated earlier
(see, e.g., Refs [25, 26]).

4. Results and discussion

Figs 1b—d show spectrograms and a pinhole camera image
of the x-ray emission of a CO, target plasma. One can see
from the intensity distributions of the Ly, line of H-like
oxygen ions and the Hey line of He-like oxygen ions (Figs
1b and 2b) that the emitting plasma region is spatially struc-
tured along the direction of laser pulse propagation. The
structure may appear due to the nonuniformity of the cluster
density distribution in the gas jet [15]. It should be remem-
bered that, owing to a large optical plasma thickness for the
Ly, and Hey lines, the actual average dimension of the hot
regions along the laser beam is smaller than the observed one
Az =~ 0.4 mm (Fig. 2b), for their centre distance of ~
0.4 mm. The observed average dimension Ax in the lateral
direction is closer to the actual one owing to the plasma
transparency for the He, and Heg lines and is equal to
approximately 0.2 mm (Fig. 2a). The two-dimensional
plasma image in the soft x-ray emission produced by the
pinhole camera (Fig. 1d) also demonstrates a well-defined
spatial structure in the form of two luminous, partly over-
lapping regions, which is explained by the observation at an
acute angle relative to the laser beam.

Note that the observed line profiles are symmetrical.
According to the results obtained earlier for CO, clusters
at higher intensities of 60-fs laser pulses [13], this implies
that fast ions, whose radiation gives rise to asymmetry of
the line wings, are not produced in sufficient amounts under
these conditions in the plasma.

Fig. 3 depicts the results of modelling of the emission
spectra of H- and He-like oxygen ions in the CO, plasma.
The excited-state population densities of oxygen ions and
their charge-state distribution were calculated assuming
that the fraction of Li-like ions is small and that carbon is
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Figure 2. Spatial distribution of the intensity 7 of the CO,-plasma emis-
sion at the line centres measured across (a) and along (b) the laser beam
direction.

completely ionised. The observed spectrum was approxi-
mated by the sum of two terms in expression (1), which
corresponded to the electron densities N, = NS and
Ny = 0.1NS. This rough approximation is partly compen-
sated by a reduction in the number of fitting parameters,
which is significant in optimisation problems. As was found,
stationary densities of oxygen ions of different multiplicity,
which correspond to the chosen N, values and the resultant
T, values, may be incorporated into the calculations. This
allows us to employ the same C; values for the Ly, and
Heg lines and thereby reduce the number of fitting parame-
ters.

The Ly,-to-He; line intensity ratio depends strongly on
the electron temperature via the excited-level population den-
sities. By varying the temperature T, and the parameter L, for
a fixed density N, = N, we fitted the level populations and
the optical thickness for the lines in order to describe the
wings of these lines (see Fig. 3). The centre of the lines was
described by the contribution of the component with
N, = Ng,. The parameters C;, C, and L;, L, were controlled
by the corresponding contributions to optically thin lines He,
and Hes, whose Stark profiles depended only slightly on the
temperature. From expression (4) follows that the parameters
C; and L; are not independent in this case. The fit yielded the
following values: T, = 115 eV, T, = 100 eV, L; = 100 pm,
L, = 300 pum. Instead of the effective ion temperatures 7
and T}, which affect only the line centre, we used 7, and
300 eV, respectively.

It is interesting to note that modelling the spectra that
were obtained using two different spectrographs (/ and 2
in Fig. 1a) required only a renormalisation of the correspond-
ing parameters C; and C,. A common normalising factor of
0.7 for the Ly, and Heg lines relative to the He, and Heg lines
(Fig. 3) is explained by the fact that only one of the two hot
plasma regions contributes to the measured intensity of the
latter two lines (owing to the spatial resolution of the spectro-
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Figure 3. Comparison of the measured CO, plasma spectrum (the grey curves), corrected for the densitometer calibration curve, the sensitivity of the
photographic film, and the filter absorption, with the results of model calculations (the black curves) for the 1s4p — 15> (He,),1s5p — 1s% (He;), and
1s6p — 15*(He,) lines of O VII ions (spectrograph 2 in Fig. 1a) (a, b) and also for the Ly, line of O VIII ions and the 1s3p — 1s? (Heg) line of O VII ions
(spectrograph / in Fig. 1a) (c, d). The calculations were performed for all the plasma components (a, ¢) and for components with the critical electron den-

sity (b, d).

graph). The results of modelling suggest that the main con-
tribution to the time-integrated intensity of the Ly, and
Hey lines is made by the plasma with N, = N." (see Fig. 3b).

This result seems to be realistic, despite the apparent con-
tradiction to the fact that the plasma was produced from
clusters having a density far greater than the critical one.
The typical radiative lifetimes of excited ion states are shorter
than the cluster decomposition time ~1 ps. However, one
should take into account that the radiation yield at this period
is reduced owing to radiation reabsorption and the prevalence
of inelastic nonradiative transitions in electron-ion collisions.
A higher electron temperature also does not manifest itself in
the spectra because it corresponds to the phase of ionisation
at a high electron density. Simulations of the time evolution of
the plasma parameters upon absorption of laser radiation in
Xe clusters [27] suggest that the period of time during which
T, > 300 eV (i.e., exceeds 0.1 of the ionisation potential of Ni-
like ions) is 0.2 ps, which is far shorter than the cluster
decomposition time over which the temperature drops

experiments with nanosecond laser pulses [28], where a char-
acteristic electron density of the order of 10%” cm™ was
established. Since the optical thickness of the plasma for sat-
ellite lines is small, their intensity, relative to the resonance

lines, increases with increasing electron density.

5. Conclusions

Our study showed that the plasma produced by a femtosec-
ond laser pulse in CO, and Kr gas targets exhibits the
emission of highly charged ions. However, a maximum
pulse intensity of 10'7 W cm ™ is several orders of magni-

I (rel. units)

sharply down to 200-100 eV. 40 L 3131 -satellites
The contribution of high densities is manifested in the
specific features of the x-ray emission spectrum of the plasma 3741 -satellites
produced for the same laser pulse parameters in a Kr cluster 30 F
target. Fig. 4 shows the results of measurements in the vicin- ‘ ‘ b
ity of the (251/22p° 3p3/2); — 25> 2p® 'Sy (peak 1) and (2s, ,2p° 20 |

3piph — 25%2p%1S,) (peak 2) resonance lines of Ne-like
KrXXVII ions. Since the ionisation energy of this ion E; ~

2.9 keV is three times that of O VIII, the emission lines of 10°F

a Ne-like Kr ion are observable only when the plasma elec-

trons are strongly heated. The multiphoton mechanism of 0 ! . ! L
the x-ray emission on transitions in the L-shell of krypton, 0.631 0.634 0.637 0.640 4/nm

proposed in Ref. [14] to interpret the results obtained therein,
presumably is inefficient in this case because the laser radi-
ation is not intense enough and its wavelength is longer.
The observed intensity ratios of the 3/3/' —2p3/’ and
3141" — 2p4l’ dielectronic Na-like satellites to the correspond-
ing resonance lines far exceed the ratios obtained in the

Figure 4. Spectrogram (a) and spectrum (b) of the (2s; /221;6 3p3)i
—2572p° 'Sy (1) and (25122p° 3p1»);, — 25°2p° 'S, (2) resonance lines of a
Ne-like KrXXVIion and their dielectronic satellites of Na-like ions recor-
ded with spectrograph / (see Fig. 1a) in the third order of reflection.
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tude lower than the threshold intensity for the tunnel ionisa-
tion of these ions in the laser field. The highly charged ions
can appear when the electron temperature rises sharply
owing to collision processes. The role of collision processes
in the CO, and Kr gas jet targets under study is great
because they result in the formation of clusters, whose den-
sity is close to that of solids. For a laser pulse length of 35 fs,
the highly ionised plasma forms after the passage of the
pulse.

The measured x-ray spectra show no characteristic evi-
dence of fast-ion production unlike, for instance, the fin-
dings of Ref. [13]. The reason why the acceleration of ions
by a Coulomb cluster explosion is inefficient may lie in the
fact that the laser radiation intensity is not high enough to
accomplish a spatial charge separation. The emission spectra
in the OVII and OVIII ion resonance line series are
adequately reproduced in the modelling using a quasi-sta-
tionary collision-radiative kinetic model with the inclusion
of the principal mechanisms of broadening and absorption
in a plasma having a high optical density.

The results suggest that the main contribution to the time-
integrated spectrum is made by the plasma region with a
near-critical electron density and a temperature of about
100 eV. The emission spectra of a krypton plasma in the vicin-
ity of the resonance lines of Ne-like Kr ions were obtained for
the first time when the tunnel ionisation and the multiphoton
x-ray emission [14] are inefficient. This also points to the dom-
inant role of collision cluster ionisation when the electron
density and temperature are high. In this case, an increase
in the relative intensity of the dielectronic satellites of reso-
nance lines is observed. A rapid decrease of the tem-
perature upon the decomposition of clusters provides the con-
ditions for the inverse population of the levels of Ne-like ions
and the realisation of an x-ray laser scheme.
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