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Time-Resolved L-Shell Absorption Spectroscopy: A Direct Measurement of Density
and Temperature in a Germanium Laser-Produced Plasma
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L-shell absorption of germanium transitions has been exploited for the first time to diagnose the low-

temperature, high-density region of multilayered targets irradiated by 0.35-pm laser light at irradiances
around 10 W/cm . A detailed atomic physics package has been used to relate the observed absorption
wavelengths to the ionic distribution from Ge vent to Gexx and to the electron plasma parameters. Re-
sults show time-dependent temperature variations following closely the driving laser pulse shape in

agreement with hydrocode simulations.

PACS numbers: 52.50.Jm, 52.25.Nr

In the past few years, absorption x-ray spectroscopy
has been shown to be an interesting diagnostic tool of
high-density, low-temperature plasmas. ' Ka transi-
tions in the 5-10-A wavelength range have been used to
probe the electron-temperature gradient in plasmas of
low-Z elements. In the inertial-fusion community,
there has been a recent surge of interest in the diagnostic
problem of temperature and areal density pr in much-
higher-Z materials, motivated by the use of high-mass
pushers in direct- or indirect-drive capsule design. In
this case, it is no longer possible to use Ka lines. This is
due to the fact that the corresponding absorbing ions
must have a 2p vacancy for K-shell absorption to occur.
In the Z = 30 range, H-like to F-like ions are populated
at electron temperatures which are by far too high with
respect to the desirable diagnostic temperature range of
20-200 eV. L-shell absorption should be more appropri-
ate for that purpose.

In this Letter we present the first experimental study
of L-shell absorption in a laser-produced plasma. We
have used germanium (Z=32) ions pertaining to the
Al-like to Co-like isoelectronic series. We have been
able to directly follow the time evolution of the electron
temperature during the driving laser pulse. This has
been done by measuring the wavelength of the absorp-
tion feature as a function of time. We have determined
the distribution of ionic stages in the plasma from a de-
tailed atomic physics package including the relevant
electronic configurations. Results have been compared
to the predictions of a 1D hydrocode incorporating pho-
ton energy transport physics.

Basically, the principle of the experiment is similar to
our previous measurements of K-shell absorption in

aluminum and chlorine. The targets consist in thin foils
having two or three layers. The first layer, directly irra-
diated by the laser, is made of praseodymium (Pr,
Z=59). Sub-keV Pr x rays create a radiative wave to-
wards the inside of the target where their energy is de-

posited. Scaling laws of the radiative-wave parameters
show that electron temperatures of the order of 100 eV
can be achieved for materials of Z= 30. keV Pr x rays
are used as a backlighter source. Praseodymium has
been chosen because its 3l-4I' and 3l-51' unresolved tran-
sition array emissions from V-like to Ni-like ions provide
a relatively smooth spectrum in the 9-11-A range where
Gevtt to Gexx ions absorb. The thickness of the Pr lay-
er (0.6 pm) has been determined from a compromise be-
tween the need for incomplete laser ablation and max-
imum x-ray conversion eficiency at the nominal irradi-
ance of 10' W/cm . The second layer is optional and is
made of silicon. It acts as a variable thickness spacer
(0-2 pm) allowing us to vary the position of the Ge lay-
er along the electron-temperature gradient. Silicon has
been chosen for its good transparency to x rays around
1.2 keV and because it shows a hydrodynamic behavior
which is not too diFerent from that of Ge. Finally, the
0.5-pm Ge layer thickness was inferred from previous ex-
periments in aluminum to ensure a homogeneous elec-
tron temperature in the absorbing layer.

The experiments were performed at the Centre
d'Etudes de Limeil-Valenton using two beams of the Oc-
tal Nd:glass laser facility. Random-phase plates
designed for 0.35 pm wavelength were used to produce a
smooth laser energy distribution (no more than 20% irre-
gularities) of Gaussian shape with 200 pm FWHM. The
laser delivered 60 J in a pulse of 1 ns FWHM providing
irradiances up to 1.5&&10' W/cm on target. The tem-

poral shape of the laser was almost flat during 800 ps
with rising and falling edges of about 200 ps. At the
rear side of the target, spectra were recorded by two
400-zm-diam curved thallium acid phthalate crystal
spectrographs symmetrically set at angles of 37 with

respect to the target-plane normal. One of them used
Kodak SB2 x-ray film as a detector providing a time-
integrated spectrum with a rocking-curve-limited resolu-
tion of 600. The other was equipped with a streak cam-
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era with 30-ps time resolution and with a spectral resolu-
tion of 150. Intensity versus density calibration of the
film has been previously determined' and checked by
using appropriate x-ray wedges. The plasma was also di-
agnosed by a Aat thallium acid phthalate crystal spectro-
graph which viewed the front side of the target. Laser
spot sizes were measured by a pinhole camera filtered for
x rays in the keV range.

Integrated spectra obtained with a 0.6-pm Pr layer de-
posited on 2-pm plastic (CH) were used as a reference
to give a determination of the backlighter source intensi-

ty since CH is optically thin to keV radiation. Subtract-
ing the reference spectra from the spectra obtained with
a 0.6-pm Pr layer deposited on 0.5 pm of Ge and with a
0.6-pm Pr layer on 1.9 pm of Si and 0.5 pm of Ge al-
lows us to calculate the optical depth of the Ge layer
without and with the silicon spacer. Results are shown
in Figs. 1(a) and 1(b), respectively. Qualitatively, the
absorption structure shifts to longer wavelengths (lower
energies) and is narrower in Fig. 1(b). Since the absorp-
tion wavelength of a given ion increases when the charge
decreases, this indicates that lower electron temperatures
are probed by the Ge layer when a silicon spacer is

present. In Fig. 1(a), the 2p-3d absorption band lies be-
tween 9.1 and 9.7 A corresponding to Al-like to Ar-like
germanium ions. The barely visible feature at wave-

lengths below 8.4 A can be attributed to the 2p-4d ab-

sorption band from our theoretical calculations. In Fig.
1(b), the 2p-3d absorption band lies between 9.4 and
10.2 A and is produced by S-like to Ti-like ions. Around
7 A the Is-2p absorbing lines of Si provide information
on the spectral resolution. Based on our previous study
of Ka absorption, ' we deduce from the relative intensi-
ties of the Si absorption lines an electron temperature of
the order of 90 eV in the silicon layer.

Figure 2 shows a record of the spectrum taken by the
time-resolving rear spectrograph during the same shot as
in Fig. 1(a). A shift to higher energies of the central
wavelength of the 2p-3d Ge absorption band as a func-
tion of time can be clearly seen. The greater shifts coin-
cide in time with the maximum emission of the Pr layer
which occurs during the flat portion of the laser pulse.
During this phase the absorption spectrum is very close
to the integrated one of Fig. 1(a). Furthermore, the
time variation of the shift follows the temporal shape of
the laser pulse, indicating that the temperatures in the
Ge and Pr layers are closely related.

In order to interpret these experiments, we have first
determined the electron temperature and density from
hydrodynamical calculations and, second, we have simu-
lated the measured spectra by using the previously deter-
mined plasma parameters as input to a detailed atomic
physics code.

The hydrodynamic simulations use a one-dimensional
hydrocode (xRAD) including photon transport by a
multigroup radiative transfer method. Emission coeffi-
cients and opacities for Pr and Ge have been calculated
using a simple, non-local-thermodynamic-equilibrium
(LTE), average atom model'' neglecting I splitting.
This code is very similar to the hydrocode MULTI ' '
and its usefulness in radiation energetics has been
demonstrated. ' Figure 3 gives the evolution of the elec-
tron temperature and density inside the Ge layer calcu-
lated by xRAD under the experimental conditions of Fig.
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FIG. 1. Optical depth as a function of wavelength. {a) 0.6-
pm-Pr/0 5-pm-Ge a. nd (b) 0.6-pm-Pr/1. 9-pm-Si/0. 5-pm-Ge.
Laser energies are around 80 J; laser wavelength is 0.35 pm.

FIG. 2. Streak photograph of the time-resolved rear spectra
of the shot in Fig. 1(a) showing Ge absorption wavelength fol-
lowing closely the shape of the laser pulse.
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FIG. 3. Electron temperature (left) and density (right) as a

function of time calculated by xRAn with 10 %lcm' and

0.35-pm laser irradiance and wavelength. Solid line: results
for the cell adjacent to the Pr layer. Dashed line: results for
the cell located at the rear of the Ge layer. The laser pulse

shape is shown at the bottom.
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1(a). The front temperature in the Ge layer, i.e., the re-
gion closest to the Pr layer (solid line), is of the order of
100 eV for a time period of about 800 ps slightly shifted
with respect to the Oat portion of the laser pulse. The
rear temperature in the Ge layer (dashed line) is 20 eV
lower during the laser pulse and reaches values compara-
ble to the front temperature at times greater than 2 ns.
Shock-heating and thermal-conduction eff'ects can be
safely ruled out as explaining such a shallow (from 100
to 80 eV) temperature gradient. From the simulations,
shock heating was found to be smaller than 10 eV under
our low-irradiance conditions. Using the hydrocode with
and without radiative transfer, we have shown that
thermal conduction gives rise to steeper temperature gra-
dients and lo~er temperature values in the Pr layer dur-
ing the laser pulse. These results indicate that radiative
heating of the Ge layer occurs through laser light con-
version to x rays in the Pr layer followed by x-ray energy
deposition in the Ge layer.

To evaluate the degree of confidence in our radiation
modeling we have compared the experimental absolute
time-integrated emission intensity at the front of the tar-
get, which is essentially due to the Pr layer, with the cal-
culated front spectrum in the 1200-1500-eV range. A
good agreement, within a factor of 2, was found between
experiment and theory. This is particularly gratifying
since first, the uncertainties in the crystal-film-geometry
combination are quite large in this kind of experiment
and, second, the atomic physics is treated rather roughly
in the hydrocode.

A detailed atomic physics code was used as a postpro-
cessor to the hydrocode simulations to calculate the
shape of the absorption spectrum. The wavelengths and
the radiative rates of Ge ions from Al-like to Co-like ions
have been calculated both with the RELAC code" and
with multiconfiguration Dirac-Fock programs. ' As the

FIG. 4. Wavelength of the low- and high-energy limits of
the 2p-31 Ge absorption band giving 50% transmission as a
function of time, Squares: experimental points. The isocon-
tours have been calculated by xRAD and the atomic physics
code. The error bars show the uncertainties in the backlighter
emission.

total number of levels of an ion with partially filled shells
can be very large, we have restricted our calculations to
the ground 2p 3s'ep'3d' and excited 2p 3s 3p 3d'+'
configurations of Al-like (I'=1, I"=0) to Co-like (I'=6,
I"=9) ions. As an example, for the Gexi ion, 2p-3d ab-
sorption involves more than 3000 lines. Calculations of
low-lying level populations have been obtained by a LTE
model. The validity of LTE was checked in our density
and temperature range (around 10 cm ' and 100 eV)
by using a stationary collisional-radiative model incor-
porating ten excited levels by ion and hydrogenic col-
lisional and radiative rates.

We have plotted in Fig. 4 the measured time variation
of the low- and high-wavelength limits of the 2p-3d ab-
sorption feature corresponding to 50% transmission. The
calculated transmission at the 100%%uo, 50%, and 10% lev-
els, taking into account the measured instrumental reso-
lution, has also been plotted for comparison. The experi-
mental data set covers only a 1-ns time interval which
corresponds to the duration of the Pr emission and of the
laser pulse. As no absolute timing was available from
the experiment, the maximum of the Pr emission was
used as a reference. A good agreement between theory
and experiment can be seen for the high-energy (low-
wavelength) side of the absorption feature while a small
discrepancy exists on the low-energy side. This is partly
due to the neglect of the partially filled configurations of
the type 2p 3s' "'3p' "'3d' +"'+"' when additional va-
cancies are opened in the 3s and 3p shells. Actually,
these configurations give a low-energy wing to the rel-
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evant 2p-3d absorption lines. In addition, deviations
from LTE cannot be ruled out at the rear side of the tar-
get (see Fig. 3). Non-LTE effects generally give an

average charge lower than LTE which results in a global
shift of the absorption feature towards longer wave-

lengths.
In summary, we have demonstrated for the first time

the usefulness of 2p-3d absorption spectroscopy for plas-
ma diagnostics in medium-Z materials. Comparison of
the time variation of the experimental absorption wave-

lengths with simulations involving atomic physics and
hydrocode calculations shows a noteworthy agreement
and allows the determination of the distribution of ionic
stages in the plasma and thus the electron density and
temperature. Work is actually in progress using the
unresolved-transition-array (UTA) formalism including
spin-orbit splitting' ' to evaluate the eA'ect of neglect-
ing partially filled configurations in the simulation of the
spectra and to give an extension of the present technique
to much-higher-Z materials.
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