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Abstract

A frequency-doubled laser beam of the Nd:glass kilojoule nanosecond LULI2000 facility (1.5 ns duration, 200e400 J energy, 0.53 mm
wavelength) was focused on a Xe or Kr gas jet. The plasma was simultaneously diagnosed with X-ray (in the wavelength range of 6e8 Å
for Kr and of 12e15 Å for Xe) and time-resolved XUV (20e200 Å) emission spectroscopy. Electron density and temperature as well as the
ionization charge were measured by time-resolved Thomson scattering of the heating laser pulse. The spectra are compared with the calculations
performed with the NLTE collisional-radiative code AVERROES/TRANSPEC. Best fits of the X-ray and XUV spectra obtained are presented.
The measured charge distribution and dynamics is analyzed using the simultaneous Thomson scattering diagnostic.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Multicharged ions are present in hot dense plasmas and
play a major role in radiation transport in stellar atmospheres
and in inertial confinement fusion plasmas. High atomic num-
ber Z, multi-charged ion plasmas are also ideal for the produc-
tion of bright X-ray sources. These high-Z plasmas are usually
not in local-thermodynamic-equilibrium (NLTE) and are de-
scribed by complex atomic physics models, which are the sub-
ject of much research and numerous discussions [1,2]. The
primary reason is that calculation of complete spectra of
high-Z elements by traditional detailed atomic structure codes
coupled to population kinetics models incorporating several
ions requires an unmanageably large number of transitions
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and energy levels. Thus, statistical approaches involving
groupings of levels, e.g., configurations [3] and superconfigu-
rations [4,5], prove to be very efficient when combined with
the Unresolved Transition Array (UTA/SOSA) formalism [6]
and/or the SuperTransition Array (STA) formalism [7]. Fur-
ther, there are recent efforts to develop hybrid calculations
mixing detailed levels and configurations [8,9]. In addition
to, and in support of, the theoretical effort there is a need
for experimental benchmarks from measurements of well-
diagnosed plasmas [10e14].

In the present experiment, we attempt to create quasi-
homogeneous, quasi steady-state, large scale (millimeter size)
plasmas by focusing a nanosecond laser pulse into a gas jet.
Both time-integrated X-ray and time-resolved XUV spectra
emitted by plasmas of xenon and krypton were recorded.
The Thomson scattering diagnostic provided the mean elec-
tron temperature and density of the plasma, and its average
charge. In contrast to the previous studies performed with
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the LULI facility [12e15], the simultaneous measurement of
time-resolved XUV spectra is implemented here, and krypton
spectra have been measured. Calculations performed with the
AVERROES/TRANSPEC NLTE collisional-radiative super-
configuration code [5] are compared with experimental
results.

2. Experimental setup

The experiment was performed on the LULI2000 facility
where we focused a flat-top, 1.5 ns duration, frequency-doubled
neodymium laser beam (l¼ 0.53 mm) on a Xe (Z¼ 54) or Kr
(Z¼ 36) gas jet, with a f¼ 800 mm lens coupled to a random
phase plate (RPP) to obtain an elliptic focal spot of 1 mm (hor-
izontal)� 150 mm (vertical) size, measured between the zeros
of the intensity distribution function. The laser energy was var-
ied from 100 to 400 J, corresponding to intensities from 0.5 to
2� 1014 W/cm2, respectively. The laser was focused at a
distance of 750 mm from the exit plane of a 1 mm diameter
supersonic gas nozzle. At this distance, the radial density profile
of the gas jet, measured by Mach-Zehnder interferometry, has
a super-Gaussian-like shape, with a 0.25 mm gradient at its
border, followed by a 1 mm diameter homogeneous plateau.
The horizontal width of the focal spot has been chosen to match
the 1 mm diameter to minimize the reabsorption effects of a
surrounding cold gas layer. On the other hand, the vertical size
of the focal spot was chosen to minimize the effect of source
broadening, so to optimize the spectral resolution of the Bragg
crystal spectrograph. The gas jet backing pressure was varied
from 1.3 to 7.0 bar, giving an ion density in the focal volume
varying linearly with the pressure from 1.7 to 9.0� 1018 cm�3.

The laser energy absorption by the plasma was measured
with a calorimeter set in front of the incident beam. The cal-
orimeter was calibrated by measuring the beam energy with-
out the gas jet, i.e. without absorption. The laser absorption
increased from 28% to 55% when the gas pressure was varied
from 1.3 to 7 bar. The laseregas interaction region was mon-
itored with an X-ray pinhole camera. We simultaneously
recorded the time-integrated X-ray spectra in the keV range
and the time-resolved XUV spectra emitted from the plasma
at 90� from the laser axis. In previous experiments, it was
demonstrated that the keV X-ray photons are emitted during
the laser pulse and that the spectral shape of the emission re-
mains almost the same for the duration of the laser pulse [12].
So, we measured the time-integrated keV emission with a dou-
ble Bragg crystal spectrograph, composed by a TlAP crystal
and an ADP crystal. The TlAP crystal recorded the 3d-4f tran-
sitions of xenon, in the 12e15 Å range, and the ADP crystal
covered the 2e3 and 2e4 transitions of krypton, in the 6e
8 Å range. The spectral resolution was 38 mÅ and 16 mÅ
for the Xe and Kr spectra, which was limited by the 150 mm
height of the laser focal spot, respectively. A vertical,
200 mm width slit in front of each crystal yielded a 330 mm
spatial resolution along the laser axis. The spectra were regis-
tered on Kodak DEF films. Unlike the X-ray spectral measure-
ment, time resolution is required to measure the XUV
emission. Indeed, we previously observed that the XUV
spectra have a strong time dependence as the plasma emits
during the recombination phase that occurs after the laser
pulse [13]. For gas jet experiments the use of a streak camera
is complicated by the need for protection from the sudden
pressure increase when the gas jet is triggered. To circumvent
this we implemented a differential pumping system through
a 500 mm width slit. The XUV spectra were measured in the
20e200 Å range with a 2000 l/mm transmission grating coup-
led to a 5.2 m radius spherical imaging nickel mirror. The
resolution of the spectrograph was 2.5 Å, and the time resolu-
tion of the camera was around 50 ps.

The plasma electron density and temperature were obtained
by the analysis of the Thomson self-scattering signal. The in-
cident laser beam, backscattered at 135� from the laser pro-
pagation direction, was collected with a f/6 lens and relayed
to two spectrometers coupled to streak cameras with temporal
resolution better than 20 ps, one with a high (0.2 nm) spectral
resolution to resolve the ionic component, and the other with
a lower resolution (6.4 nm) to record the full electron compo-
nent. The observed volume, defined by the collecting lens
aperture and by the spectrometer and streak camera slits, was
50(height)� 200(width)� 300(depth) mm3, and thus probed
the heated plasma volume. Comparison between measured
and theoretical spectra permits one to infer (i) the value of
the product of the average charge by the electronic tempera-
ture ZTe, from the ionic component, (ii) the electron density
ne from the electron component [16]. A few Mach-Zehnder
interferometry measurements were performed with helium
gas to determine the ion density at a given backing pressure,
irrespectively of the nature of the gas.

3. Experimental results

3.1. Thomson self-scattering diagnostic

An example of the Thomson scattering raw data for xenon
at 2 bar backing pressure and 120 J laser energy is displayed in
Fig. 1a and b for the time-resolved ion and electron features.
For the ion feature spectrum, we see the two satellites on
both sides of the laser wavelength. The wavelength separation
between the satellites is proportional to the ion sound velocity:
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where mi is the ion mass, k the plasma perturbation wavenum-
ber, lD the Debye length, and Ti the ionic temperature. In our
experiment, the plasma and the diffusion geometry are such
that klD< 1 and Ti� ZTe, then the separation is mainly de-
pendent on ZTe. Fig. 1a shows that the separation increases
very rapidly (as ionization and temperature increase), with a
rise time similar to that of the laser pulse (about 0.2 ns), and
then remains constant during the laser pulse duration. For all
the experiments we observed that the red satellite is brighter
than the blue one. This can be explained by the presence of
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Fig. 1. Thomson self-scattering spectra measured on xenon (2 bar, 120 J). (a) Ionic satellites; (b) electronic satellites (the dark region in the middle of the spectrum

corresponds to the ionic component attenuated by an interferential filter).
a Brillouin instability, or by a velocity drift of the electrons
with respect to the ions (estimated to about 104 m/s).

On the electron feature spectrum, the dark region in the
middle of the spectrum is centered on the laser wavelength
and corresponds to the ion component, which is strongly atten-
uated by an interference filter placed at the spectrometer
entrance. The separation between the maxima on both sides
of this central region is proportional to the BohmeGross
frequency:

uBG ¼ upe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3ðklDÞ2

q

where upe is the electron plasma frequency. One can see in
Fig. 1b that at the beginning of the signal, the edges of the
electron feature satellites separate very rapidly due to the rapid
ionization of the plasma. Later in time, this separation slowly
decreases due to a slow reduction of electron density. This re-
duction is typically of the order of 1019 cm�3/ns, in good
agreement with the expansion by thermal pressure. As several
additional mechanisms modify the maximum and width of the
satellites, the analysis of these spectra was performed with
a parametric fit of the measured spectra using theoretical plots
[13]. The experiments obtained for different laser energies and
gas pressures of Xe and Kr gave the following parameters:
ne¼ 0.2e1.2� 1019 cm�3, Z¼ 12e24, Te¼ 160e500 eV.

3.2. XUV spectroscopy

Typical streak camera images of the time-resolved XUV
emission of xenon and krypton are shown in Fig. 2, for
a gas pressure of 4 bar and a laser energy around 360 J. The
wavelengths were calibrated using the Be filter K-edge and
Al filter L-edge. The origin of the wavelength axis is the
zero order of the grating. It is immediately obvious that the
emission lasts longer than the 1.5 ns laser pulse. The time de-
pendence is especially visible around 50 Å for xenon, where
a bright structure disappears earlier than the rest of the spec-
trum. Previous calculations had shown that the xenon Co-
like ions (Xe27þ) emit around 50 Å [15]. So, the present result
shows that this highly ionized charge state disappears after
about 1 ns. For krypton, the structures observed below 50 Å
disappear at around 2 ns, i.e., more quickly than the rest of
Fig. 2. XUV streaked images recorded for xenon and krypton at 4 bar gas pressure and about 360 J laser energy.
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Fig. 3. Raw X-ray images recorded for xenon and krypton at 4 bar gas pressure and about 360 J laser energy. The vertical axis is the plasma image along the laser axis.
the spectrum. This behavior is expected, as the recombining
plasma emits at lower photon energies.

3.3. keV X-ray spectroscopy

An example of the raw spectra obtained with the X-ray spec-
trograph is shown in Fig. 3, for same condition as shown in
Fig. 2. We observe that the plasma is quite homogeneous in
the laser propagation direction (vertical axis on the images).
In Fig. 4 we present the lineouts of the X-ray spectra obtained
at the center of the gas jet for different gas pressures and laser
energies. The xenon spectrum is composed of 3d-4f Unresolved
Transition Arrays emitted by different ion stages from Ni-like
(Xe26þ) to V-like (Xe31þ). For krypton, the spectrum is domi-
nated by the n¼ 2e3 and n¼ 2e4 transitions from Na-like
(Kr25þ) to F-like (Kr27þ). For both elements one observes
that the transition arrays intensity ratios follow the ionization,
which increases with incident laser intensity and gas pressure,
that are directly related to absorbed energy. The dependence
with Kr gas pressure on the F-/Ne-like intensity ratios is espe-
cially clear in the 6.4e6.7 Å spectral range. For Xe, the spectra
measured for 2 bar e 127 J and 1.3 bar e 420 J are very similar,
showing that the absorbed laser energy is similar for these two
different conditions. Further, the spectrum obtained for Xe, for
1.3 bar pressure and 420 J energy is very similar to the results
of previous experiments [12]. It is important to note that there is
a disagreement between the Z inferred from Thomson
scattering and that extracted from the observed emission.
This point is discussed further below in the text.

4. AVERROES/TRANSPEC calculations

We compare the measured XUV and X-ray spectra to ab in-
itio calculations performed with the AVERROES/TRANSPEC
(A/T) superconfiguration code [5]. AVERROES first calculates
the collisional and radiative rates, and the superconfiguration
energies. Second, these data are used in the collisional-radia-
tive model TRANSPEC, which computes NLTE populations
and generates synthetic spectra using given ion density and
electron temperature. These parameters are provided, ideally,
by the Thomson scattering (TS) diagnostic. To calculate the
time evolution of the XUV emission, we assume a temporal
profile for the electron temperature characterized by a fast
rise, 0.2 ns, followed by a 0.25 ns duration plateau at the TS
deduced value for the temperature, and then followed by a re-
latively slow decay, giving a total duration of 4.5 ns.

4.1. Xenon spectra

A typical result for the xenon case is plotted in Fig. 5. The
dashed lines are the XUV spectra measured at different times
during the plasma expansion, for an experiment having 2 bar
backing pressure and 355 J laser energy. The spectra are then
compared to the calculation from the A/T code, obtained with
Fig. 4. X-ray spectra traced at the center of the gas jet, as a function of gas pressure and laser energy. (a) Xenon, and (b) krypton.
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Fig. 5. Xenon XUV spectra recorded at different times, for 2 bar gas pressure and 355 J laser energy (dashed lines). The AVERROES calculations (full lines) are

performed with the plasma parameters deduced by the TS diagnostic (Ni¼ 2.57� 1018 cm�3 and Te¼ 330 eV).
the TS deduced values for this shot (Ni¼ 2.57� 1018 cm�3 and
Te¼ 330 eV). We observe that the agreement is better for the
short wavelength part of the spectra. The relative intensity of
the two 5e4 structures is well reproduced, although the width
is underestimated. The situation is problematic on the long
wavelength side of the spectra, where the code reproduces nei-
ther the experimental wavelengths of the 4e4 structures nor
their intensity.

The experimental X-ray spectrum recorded for xenon at
4 bar and 350 J is compared to A/T calculations in Fig. 6.
The experimental X-ray spectrum shows that Xe27þ and
Xe28þ are the main ion stage emitting, in contradiction with
the value of Z¼ 24.3 given by TS, which also yields
Te¼ 390� 40 eV, and ne¼ (1.2� 0.5)� 1020 cm�3. How-
ever, for an A/T calculation to generate the Xe26þ ionic spe-
cies, which dominates the spectrum, requires a Te of 600 eV.
For all the recorded X-ray spectra, the ionization measured
by TS seems to be systematically lower than that inferred
from the ion stages observed in the spectra. We can also ob-
serve in Fig. 6 that the quite strong sensitivity of the calculated
spectra on the electronic temperature allows a precision better
than 10% on the best fit temperature value.

In Fig. 7, we show the XUV spectra at different times ob-
tained on Kr, at 4 bar and 230 J compared with the A/T calcu-
lations. For the early times there is quite good agreement for
the short wavelengths, whereas for later times the agreement
is better on the long wavelength side. For the X-ray emission,
Fig. 8, the theoretical fit is complicated by the inaccurate treat-
ment of the optical depth of the Ne-like lines. The figure
shows that the 6.5e7 Å region is well reproduced by the
code, whereas for the shorter wavelengths the reabsorption
is slightly underestimated, and it is overestimated for the lon-
ger wavelength region. As the spectrum has been calculated
with the SOSA formalism, this disagreement could be due to
a poor treatment of the coupling between the populations

Fig. 6. Xenon X-ray spectrum recorded for 4 bar gas pressure and 350 J laser

energy, compared with AVERROES/TRANSPEC calculations for 550 eV,

600 eV and 650 eV electronic temperatures (Ni¼ 5.14� 1018 cm�3).
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Fig. 7. Krypton XUV spectra at different times during the plasma evolution, for 4 bar gas pressure and 230 J laser energy (dashed lines). The AVERROES cal-

culations (full lines) are performed using the TS deduced plasma parameters (Ni¼ 5.12� 1018 cm�3, Te¼ 170 eV, and Z¼ 23).
and the radiation, which cannot be accurately treated within
the SOSA approach. The use of a Detailed Level Accounting
(DLA) approach coupled to a proper treatment of line transfer
[17] might provide better results. It has to be stressed that, as
in the case of Xe, the X-ray spectrum has been calculated

Fig. 8. Krypton X-ray spectrum recorded on the same shot than the XUV spec-

tra in Fig. 7 (4 bar, 230 J), compared with AVERROES/TRANSPEC calcula-

tions for Ni¼ 5.12� 1018 cm�3 and Te¼ 500 eV.
using a temperature value (500 eV) higher than that measured
with the TS diagnostic (170 eV).

5. Discussion

A first step to improve the agreement between calculated
and measured XUV spectra consists of using a hydrodynamic
code to obtain a more accurate description of the plasma pa-
rameter evolution as a function of time. The difficulty is the
3D character of the irradiation geometry. However, as a start,
we have performed 1D simulations using the MULTI hydro-
code [18]. In Fig. 9 we show the temperature profile as a func-
tion of time obtained with MULTI in the case of Xe, at 2 bar
and 355 J, compared to the profile used to obtain the previous
analysis shown in Fig. 5.

Fig. 10 shows the spectra obtained using the MULTI tem-
perature profile in the TRANSPEC calculations, compared to
the previous calculations. The width of the short wavelength
structure and the shift of the long wavelength structure to-
wards slightly shorter wavelengths yield better agreement
with the experimental data. This provides encouragement to
use 2D or 3D hydrodynamic simulations of the plasma.

The disagreement between the observed X-ray emission
and the TS Z requires discussion. A first hypothesis to explain
the discrepancy is that the homogeneity of the plasma is not
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achieved in the experiment. The far-field intensity distribution
of an RPP has, in general, an intensity envelope, which is es-
sentially an Airy function, superimposed to a fine speckle pat-
tern [19]. If this intensity pattern impinges on a solid target,
the thermal conduction is sufficiently high to smooth the inten-
sity of the speckle pattern. On the other hand, for a gas target
the thermal conduction may be too small to obtain such

Fig. 9. Temperature profile issued from the MULTI simulation for the case of

xenon, at 2 bar pressure, irradiated with 355 J laser energy, compared to the

temperature profile used in the simulations of Fig. 5.
a smoothing [20]. In this case, the plasma behaves like a
‘‘bath’’ with given average electron temperature and density,
with hot spots, generated by the speckles of the RPP. In this
case, the XUV radiation, which is emitted by the whole
plasma, is representative of a lower average temperature
than the X-ray keV radiation, which is emitted only by the
hot spots. If this hypothesis is correct, then the agreement be-
tween the XUV and the TS diagnostics could be due to the re-
latively large plasma region investigated by the TS diagnostic.
The large widths of the TS satellites could confirm this
scenario.

6. Conclusions and future work

Xenon and krypton X-ray and XUV spectra were recorded
to benchmark atomic physics codes such as AVERROES in
non-LTE conditions. Electronic and ionic Thomson scattering
provided the measurement of electron and ion density, electron
temperature and average ionization. An XUV streak camera
was operated for gas pressures lower than 10 bar, using a dif-
ferential pumping system. The dependence of spectra on laser
intensity and gas pressure is in general agreement with the la-
ser heating conditions of the gas jet.

Our data clearly show that the XUV emission vary in time,
so the time resolution for this diagnostic is necessary. The
spectra show that the ionization increases with pressure and
Fig. 10. Xenon XUV spectra measured for 2 bar gas pressure and 355 J laser energy (dashed lines) compared with the AVERROES/TRANSPEC calculations (full

lines) performed using the MULTI temperature profile of Fig. 9. To the sake of a better comparison, the figure shows again (dotted lines) the same A/T calculations

of Fig. 5.
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laser intensity. To minimize the gradients and the cold gas re-
absorption in the jet we have used an RPP to give an elliptical
focal spot that match the gas jet cross-section. The use of this
RPP may have introduced unwanted inhomogenities in the
laser focal spot that complicate- the data interpretation. We
noticed that by performing simulations with detailed and/or
hybrid codes for the case of the Kr X-ray emission an im-
proved treatment of the Ne-like lines could be obtained, if
the coupling between the radiation and the level populations
is taken into account.

Finally, we plan to perform 2D simulations, including the la-
ser beam smoothing, with the aim of analyzing the homogeneity
of the plasma, to get a better insight on the present disagreement
between the X-ray data and the XUV and TS diagnostics.
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