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X-ray emission of a xenon gas jet plasma diagnosed with Thomson scattering
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We present the results of a benchmark experiment aimed at validating recent calculation techniques for the
emission properties of medium and high-Z multicharged ions in hot plasmas. We use space- and time-resolved
M-shell x-ray spectroscopy of a laser-produced gas jet xenon plasma as a primary diagnostic of the ionization
balance dynamics. We perform measurements of the electron temperature, electron density, and average charge
state by recording simultaneous spectra of ion acoustic and electron plasma wave Thomson scattering. A
comparison of the experimental x-ray spectra with calculations performedab initio with a non-local-
thermodynamic-equilibrium collisional-radiative model based on the superconfiguration formalism, using the
measured plasma parameters, is presented and discussed.
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I. INTRODUCTION

The capability to accurately predict multicharged ion
diative properties in plasmas not in local thermodynam
equilibrium ~NLTE! is of primary interest because such co
ditions are ubiquitous in laboratory and astrophysical plas
studies@1#. Indeed, NLTE plasmas are found in inertial co
finement fusion~ICF! @2#, tokamaks@3#, z-pinch plasmas@4#,
coherent x-ray sources@5#, and ultra-short pulse lase
produced plasmas@6#, to name a few. Most of these plasm
are made of medium- and high-atomic number elements
which little spectroscopic data is known apart from the is
electronic sequences of helium, neon, and nickel. The sim
line structure of bound-bound transitions prevails only
low-Z plasmas. As the number of bound electrons beco
large, the lines become so close to each other that they
not be resolved and the number of ions taking part in plas
emission increases. Accordingly, the development of NL
atomic physics calculations for heavy elements is a challe
for the understanding of emission and absorption x-ray sp
tra from which the ionic composition and the average cha
^Z& of the plasma can be deduced. This is a particula
important parameter in ICF plasma studies because the v
of ^Z& determines laser absorption, electron heat conduct
collision rates, acoustic velocities, and the radiation ene
balance.

Calculation of complete spectra of high-Z elements in
plasmas by detailed atomic structure codes and level po
lation models incorporating several ions would need an
manageable number of transitions and energy levels. Des
this difficulty, we have to tackle this problem because sp
tral formation is an invaluable tool for providing informatio
on the plasma parameters by looking directly at the emiss
spectrum, using spectroscopy as a noninterfering pla
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probe. Statistical emission calculation methods based on
resolved transition arrays~UTA! @7#, in which transitions are
bunched in transition arrays and super transition arr
~STA! @8#, have been developed for interpreting unresolv
spectral patterns for systems in LTE. These methods h
been extended, very recently, to NLTE situations@9,10#.
Ionic populations in NLTE plasmas are calculated with
collisional radiative model, which requires collisional an
radiative transition rates between all energy levels of
ionic stages. In Ref.@11#, the most recent developments
atomic physics applicable to complex spectra are prese
showing clearly the step-by-step evolution from the UTA
the STA approaches and from LTE to NLTE situations.

Accordingly, it is important to provide a method in whic
NLTE calculations can be benchmarked against w
characterized experimental data. In an attempt to reach
goal, very recent experiments in laser-irradiated argon
bags@12#, in laser-produced plasmas on gold targets@13,14#,
and in inertial confinement fusionHohlraums@15# have been
performed. We present here a detailed comparison of th
retical x-ray spectra to experimental data obtained in a la
heated xenon gas jet plasma, in which the electronic te
perature, the electron density, and the average charge
^Z& are measured from electronic and ionic Thomson sc
tering spectra. We used a gas jet plasma source becau
provides homogeneous and adjustable ionic densities.
jets have been used previously for investigating the comp
M shell spectroscopy of xenon@16–18#, but without any
characterization of the plasma state. Calculations, perform
with the measured plasma parameters, using theAVERROES/

TRANSPEC NLTE collisional-radiative superconfiguratio
code@10#, and also with an ion-by-ion spin-orbit-split array
~SOSA! approach@19# are compared to experiments.
©2002 The American Physical Society18-1
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II. EXPERIMENTAL SYSTEM

The measurements were performed in a xenon (Z554)
laser-heated sonic gas jet. From a 1 mm diameter nozz
parabolic atomic density profile was obtained, fully chara
terized by He-Ne laser interferometry@20#. The atomic den-
sity was found nearly constant~within 8%! over the central
400 mm diameter of the jet. The atomic density varied li
early with pressure in the investigated range of 1.2–11 ba
frequency-doubled (l5526.6 nm) laser beam of th
Nd:glass nanosecond Laboratoire pour l’Utilisation des
sers Intenses facility was focused at the center of the ga
with an f /2.5 lens equipped with a random phase plate, p
viding a 160 mm full width at half maximum focal spo
diameter. The laser pulse had a flat top shape with a 65
duration and 100 ps rise time. When the pressure was be
5 bar, the laser energy was absorbed along the whole
dimension, and the x-ray emitting plasma was filling the
diameter along the laser axis. Most of the data presented
have been obtained with a pressure of 4.2 bar. The co
sponding ion density is 4.7531018 cm23 on the jet axis, at a
distance of 1 mm from the nozzle. Anf /3 lens was set at 45°
from the heating beam to collect the Thomson scatter
~TS! signal. The collection volume (200mm long, 100
3100 mm wide! was located inside the laser-heated volu
as shown in Fig. 1~a!. Time-resolved ionic Thomson spectr
features were obtained by imaging the scattered radia
dispersed by a 1200 lines/mm grating spectrometer onto
entrance slit of a visible streak camera with 200 ps/m
sweep speed. The measured spectral resolution was 0.2
The temporal resolution was limited by the spectrome
('50 ps) because of the variation of the optical path len
with wavelength. Time-resolved electronic TS spectra w
measured using a lower dispersion spectrometer~100 lines/
mm! giving a spectral resolution of about 100 Å. In th
case, the streak camera~30 ps time resolution! was used with
a 100 ps/mm sweep speed. The resulting time-resolved s
tra were recorded on a 12 bit charge-coupled device~CCD!
camera. Calibration of the ion density in between the xen
shots was performed by recording TS spectra of a helium
jet plasma. Indeed, the neutral density depends only on
adiabatic parameterg which is the same for all monoatomi
gases (g55/3), and the electron density measurement
fully ionized helium plasmas (^Z&52) provides the ion den
sity.

Both time-integrated and time-resolved x-ray spect
graphs were equipped with a thallium-hydrogen-phtha
crystal and set at 90° from the laser axis@see Fig. 1~b!#.
Spectral resolution was around 50 mÅ, limited by the la
focal spot diameter. The time-integrated x-ray spectra w
resolved in space with a 250mm slit perpendicular to the
laser axis. Time-integrated spectra were recorded on Ko
DEF films and corrected for crystal@21#, filters, and film@22#
responses. Alignment of the laser beams and the gas jet
checked with visible and x-ray imaging CCD cameras. Fr
the spatial measurement of the neutral density and the sp
resolved, time-integrated x-ray images, we found that the
jet geometry allows us to obtain a plasma volume
400 mm length and about 200mm diameter where the ion
density and the electron temperature are fairly homogene
04641
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For the x-ray spectroscopic diagnostic, the integrating v
ume along the line of sight of the spectrograph covers
homogeneous ion density laser-heated region, and a lay
cold xenon which has been taken into account in the anal
~see Fig. 1!.

III. RESULTS AND DISCUSSION

A typical ionic Thomson scattering image is shown in F
2. A strip has been extracted~see arrow in Fig. 2! and com-
pared to theory@23#. After an ionization phase~around 200
ps! in which the ionic satellite spectral positions vary rapid
and their width is broadened by the extended ion cha
distribution, steady ionic features appear clearly during
laser-pulse duration. The electronic components of the sp
tra ~not shown here! are shifted on both sides of the fund
mental frequency. The electronic density is deduced from
position of the electronic satellites. A small decrease of th
shift during the laser pulse denotes a very slow reduction
the density due to plasma expansion. Then, the ave
charge^Z& is deduced from the ratio of the measured ele
tron and ion densities. As the electron-ion thermalizat
time is larger than the laser pulse for the density achie

FIG. 1. Geometry of the experiment. The Thomson scatter
diagnostic observation volume~a! and the x-ray spectrograph lin
of sights~b! are shown together with the diameter of the gas jet a
the laser-heated region.
8-2
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X-RAY EMISSION OF A XENON GAS JET PLASMA . . . PHYSICAL REVIEW E65 046418
FIG. 2. ~a! Typical ionic
Thomson scattering spectrum as
function of time. A strip of attenu-
ating material has been positione
on the detector to hide the stron
electron feature signal around th
laser wavelength at 5266 Å.~b!
Strip ~dots! taken at the position
indicated by the horizontal arrow
superimposed on the theoretical fi
~solid line!. Time origin is arbi-
trary. The laser pulse has a 650 p
flat top with 100 ps rise time.
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ap
here, we assume thatTe@Ti . The electron temperature i
then determined from the frequency separation of the
peaks of the TS ion feature which is twice the ion acous
frequency@24,25#. The parameters determined by fitting s
multaneously the electron and ion TS spectra~see Fig. 2!
measured at the laser maximum, for a pressure of 4.2
are: Te5415640 eV, ^Z&527.461.5, ne51.3060.05
31020 cm23. This gives a scattering parametera53.43,
well into the collective regime of TS.

Figure 3 shows the time-resolved M-shell xenon spectr
obtained in the 11 Å wavelength range for a pressure of
bar. In this specific laser shot, a second laser pulse was
in the plasma 1 ns after the onset of the main pulse.

FIG. 3. ~a! Time-resolved x-ray spectrum obtained in the 11
range for a xenon pressure of 4.2 bar.~b! Strip ~horizontal arrow!
with the ion labeling of the spectral features. The laser pulse sh
are given on the left of the top image.
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emission was studied as a function of time for each of
two laser pulses. The spectral shape of the x-ray emis
remains the same for the duration of the first laser pulse. T
is representative of the other results presented in this pa
which were obtained using only one laser pulse. The sa
behavior has been seen in time-resolved spectra measur
the 13 and 14 Å spectral ranges. This strongly suggests
the ion density and the ionization balance that determine
line intensity and the line ratios, respectively, are unchan
during the laser pulse. This is consistent with the TS di
nostic results that are also unchanged during most of
laser pulse. The x-ray time-resolved spectra, therefore, d
onstrate that the time-integrated, space-resolved meas
ments that cover a wider spectral range can be interpr
with confidence by assuming that the plasma parame
vary only slightly over the duration of the laser pulse.

Time-integrated x-ray spectra measured at the cente
the gas jet for a gas pressure of 4.2 bar and a single l
pulse are presented in Fig. 4. The 3d-4 f transition arrays
appear at wavelengths larger than 12.5 Å. Different ion s
cies have been identified around the closed-shell Ni-l
Xe261 ion, i.e. Xe251 ~Cu-like! to Xe291 ~Mn-like!. The
Xe271 Co-like and Xe281 Fe-like ions are the dominant fea

es
FIG. 4. Time-integrated experimental spectrum~solid line! com-

pared to theAVERROES/TRANSPECcalculation ~dotted line! for Te

5450 eV, ni54.7531018 cm23.
8-3
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tures. Nickel-like 3d-4 f transitions at 14.23 Å~from the
4 f 5/2 j j -coupled spin orbital! and 14.63 Å~from the 4f 7/2

j j -coupled spin orbital! are prominent. In addition, differen
Xe261 and Xe271 spectral features have been identified in t
9.5–12.5 Å range which covers mainly the 3p-4d, 3d-5 f ,
and 3d-6 f transitions. In the wavelength rang
10.6–11.8 Å, the time-integrated spectrum of Fig. 4 d
plays the same spectral features as the time-resolved s
trum shown in Fig. 3. Small differences in the line ratios a
the underlying continuum slope can be explained by the
that the observation volume is not the same in the two c
figurations~see Fig. 1! and that the time-resolved data w
not corrected for the streak camera response.

The synthetic x-ray spectrum shown in Fig. 4 has be
calculatedab initio with plasma conditions determined from
the TS diagnostic. Collisional and radiative rates were g
erated with theAVERROES calculations based on the supe
configuration and supertransition array~STA! concepts.
These data were then used in the population kinetics m
TRANSPEC which calculates the x-ray spectra, for a giv
electron temperature and density. This calculation can
be used as the postprocessor of a hydrodynamic code@26#.

The result of the calculation performed withAVERROES/

TRANSPECand the parameters taken from the TS diagnos
i.e., Te5415 eV andni54.75 1018 cm23 gives an average
charge^Z& slightly too low to reproduce the experiment
ratios between the different 3d-4 f structures in the range
13–15 Å. The agreement is better when we increase
temperature to 450 eV, the upper limit of the estimated e
bar in TS measurements. In these calculations, reabsorp
was introduced with a 160mm length, and the spectral reso
lution was fixed at the instrumental value of 50 mÅ. T
comparison between the experiment and the model aro
13 Å shows that the Fe-like Xe281 and the Mn-like Xe291

ions are underpopulated, taking the Co-like Xe271 ion as a
reference. The two intense calculated peaks between 14
14.5 Å, which could be attributed at first sight to Ni-lik
Xe261 3d-4 f features, have to be interpreted carefully. Fir
the intensity of these peaks is exaggerated because Ni
features are merged in the calculation with Cu-like featur
Second, the Ni-like features are calculated with an ato
potential which is not accurate enough~see the discussion
below! to reproduce Ni-like transition wavelengths@27#. We
note that a global shift of the theory of about190 mÅ
would give a much better quantitative agreement for
wavelength positions of the different ion spectral featur
Finally, the intensity ratio between the 3d-4 f features around
14 Å and the 3d-5 f /3d-6 f features around 11 Å is cor
rectly reproduced.

To explain the remaining discrepancies between the
and experiment seen in Fig. 4, it is important to discuss so
aspects of theab initio AVERROES/TRANSPECNLTE calcula-
tions. The present spectrum calculations were perform
with the same set of superconfigurations as the one use
computing NLTE populations. To be more specific, no su
sequent splitting of the superconfigurations was invoked
ter the convergence on̂Z& was obtained. As a consequenc
the spectrum is fully consistent with the excitation/ionizati
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kinetics. This detail is important because the STA method
known to show different convergence properties on the io
populations and on the spectrum itself@11#. This last remark
holds both for LTE and NLTE situations. In the present c
culation, consistent refinement of the spectrum is still fe
sible but it would involve a large and prohibitive number
superconfigurations. An alternative would be to use the
fective temperature concept to deal with the departure fr
LTE within the superconfigurations@28#. This powerful
method which should also reduce the number of superc
figurations necessary for the kinetics calculations is still u
der development. Another source of discrepancy is the c
figuration interaction problem which is difficult to handle
the superconfiguration approach, except when one treats
breakdown ofj j coupling in a manner similar to the on
developed in the spin-orbit-split array~SOSA! method@29#.
Such a problem is visible in Fig. 4, particularly on the ca
culated 3d-4 f Co-like peaks around 13.74 Å which shou
coalesce into a single peak with a long-wavelength shoul
as in the experiment. This discrepancy underlines some
sible improvements in our treatment of the configuration
teraction effect between SOSA arrays. Finally, we stress
such modeling performedab initio with measured plasma
parameters is very recent, to our knowledge, and still in
development stage@30#.

Another approach to the modeling of complex spectra
to use the SOSA method for each individual ion, adjust
the ion population with a least-squares-fit procedure. T
method has proved to be useful in the analysis of radiativ
heated nickel absorption spectra@31#. In the present case, th
resulting spectrum is globally very similar to what is calc
lated with theAVERROES/TRANSPECcode. Apart from the ion
distribution itself, the only other parameter for the fit is th
temperature used for calculating the configuration popula
distribution relevant to each ion; we have taken a value
400 eV consistent with TS measurements. Table I gives
ion distribution obtained from this fit, compared to the d
tribution found with theab initio AVERROES/TRANSPECcal-
culation. The ion distributions and the average charge gi
by the two codes are close—^Z&526.5 and 26.8— in agree-
ment with the TS measurement. An LTE calculation wou
give a much higher̂Z&, around 40, and thus a very differen
spectrum.

IV. CONCLUSION

In conclusion, we have recorded stationary space-reso
experimental x-ray spectra of xenon that we have reprodu

TABLE I. Ion fractions obtained with the SOSA fit and with th
AVERROES/TRANSPECcode. The average charge is respectively^Z&
526.5 for the SOSA calculation and^Z&526.8 for AVERROES.

Isoelectronic
sequence Zn-like Cu-like Ni-like Co-like Fe-like Mn-like
Ion charge 24 25 26 27 28 29

SOSA fit 0.010 0.030 0.595 0.249 0.096 0.021
AVERROES 0.065 0.080 0.312 0.365 0.188 0.044
8-4
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with ab initio calculations using the plasma parameters p
vided by simultaneous electronic and ionic Thomson scat
ing diagnostics. Both time-resolved Thomson scatter
spectra and time-resolved spectroscopic data show tha
central region of the plasma jet is stationary during the la
pulse. We have shown that a laser-heated gas jet, in w
plasma parameters are fully determined by Thomson sca
ing independently from the x-ray spectra, is an interest
benchmark for NLTE atomic physics codes. Our experim
tal results may be considered as a test bed for the impr
ment of these codes.

Of course, the STA approach, because of its compactn
does not provide the spectroscopic quality that could rep
duce quantitatively the position of the spectral featur
However, we have now at our disposal a good framework
emission calculations of medium- and high-Z plasmas,
which will play an important role in laboratory plasma stu
-
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ies with large lasers, such as the National Ignition Facility
the Laser Megajoule inertial confinement fusion projec
This model should also play a role in the design of plasm
based x-ray sources for applications. The next step of
work would be to combine theAVERROES/TRANSPECcodes to
a radiative hydrodynamic simulation of the experiment@26#.
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