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Abstract

Increasing the range of plasma parameters accessible for laboratory absorption coe;cients measurements is
of interest for astrophysical applications. Aluminum is of special interest as its 1s–2p inner shell absorption
transitions permit one to precisely determine the ionization balance that is strongly dependent on the electron
temperature. A method to increase the density of the probed sample was tested on aluminum con=ned by
carbon tampers of di+erent thickness (8–70 �g=cm2). This created a density increase in the aluminum of
a factor of ∼10. Measurements showed that the aluminum ionization decreases substantially with increasing
carbon thickness. Radiative hydrodynamic simulations showed that density and temperature gradients could not
be neglected and had to be taken into account in calculating the absorption structures with the atomic physics
code HULLAC. Very good agreement between theory and experiment was obtained by coupling HULLAC
with hydrodynamic simulations.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction: motivations for Al absorption measurements

Photo-absorption coe;cients are essential for radiative transfer in hot plasmas. This is true for both
local thermodynamic equilibrium (LTE) and non-LTE plasmas found, e.g., in inertial con=nement
fusion or astrophysics. In the latter, the radiative energy transfer is dominated by X-ray absorption
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over a very wide range of densities and temperatures, especially in the sun [1] or in galactic nuclei
[2]. Further, photo-absorption is important for diagnostics of laboratory plasmas.

In recent years, a series of laboratory experiments using energetic lasers have been performed in
which LTE plasma opacities were measured. Results of these measurements have been published
in the literature, and reviewed recently [3]. In the opacity experiments performed previously using
radiatively heated “sandwich” targets composed of thin layers of material placed between two thin
layers of plastic or carbon, the plasma density was relatively low being on the order of 0:005 g=cm3.
In experiments using future-generation high-energy lasers, it will be possible to increase the plasma
density, which will be of special interest for the study of density e+ects.

This paper relates a series of experiments performed to test the ability to model absorption spectra
in plasmas at densities higher than in previous experiments, e.g., those in which aluminum was used
to provide a temperature diagnostic in a nickel opacity measurements [4]. In the present experi-
ments, we have increased the thickness of the carbon tampers and show that the sample density
can be increased by a factor of 10. This value is supported by radiation hydrodynamic (hydrocode)
simulations discussed in Section 3.

The experiments presented here were performed with an aluminum sample, a low-Z material,
which provides a diagnosis of the temperature. That is, the absorption structures corresponding
to the aluminum 1s–2p bound electron transitions are very sensitive to the electron temperature.
The spectrum of the low-Z element can be calculated using detailed atomic physics codes such
as HULLAC [5]. The positions of these transitions on the wavelength scale do not change with
temperature, but their strengths determine the aluminum ion distribution from which the value of
temperature can be deduced, assuming LTE conditions.

Further, we used the SCO code that takes into account plasma screening [6,7] for comparison
with the HULLAC calculations that do not include this e+ect.

2. Experimental setup and method

Two beams of the neodymium-glass LULI laser (0:53 �m, 30 J=beam, 600 ps square shaped) were
focused on 1000 RA converter foils glued on a 1 mm diameter gold cavity (Fig. 1). The cavity was
heated by the X-ray emission resulting from the laser interaction that irradiates the inside of the gold
cavity. This X-ray radiation had an energy distribution similar to a Planckian spectrum with a 40 eV
radiative temperature. We observed that self-emission, possibly due to the luminosity of the colliding
gold foils, was negligible in our case. The sample, an Al sample tamped by C of thicknesses from
8 to 70 �g=cm2, was positioned perpendicular to the cavity symmetry axis and was thus heated from
one side, see Fig. 1.

A third beam, delayed by 500 ps with respect to the two heating beams, was focused to high
intensity on a samarium sample located 3 mm from the center of the cavity to produce the backlighter.
Delays of 200 and 900 ps were also used. The backlighter spectrum was recorded on a shot di+erent
from the absorption spectrum, just after or before the absorption shot. The spectra were recorded
with a thallium-hydrogen-phthalate (TlAP) Sat crystal spectrometer with a spectral resolving power
�=T� ∼ 700. A 7 �m thick beryllium =lter was set in front of the detector and Kodak DEF =lm
provided the recording medium. The transmission data was obtained by the ratio of a samarium
spectrum absorbed by the sample and that which directly passed to the detector. As these two
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Fig. 1. Experimental setup.

spectra were not recorded on the same shot, we used an adjustment factor to superimpose the two
spectra in the spectral region that contained no absorption features due to the sample. Sm backlighter
spectra were wavelength-calibrated with an emission aluminum spectrum, using the He-like 1s2–1s2p
line, its satellites and the cold K� line which appears weakly on Al emission spectra.

3. Hydrodynamic simulations

Hydrocode simulations have been performed to evaluate the state of the plasma, and also as a
basis of the results analysis. Although the geometry of the cavity has 3D characteristics, we could
perform the computation using two 1D simulations as a =rst approximation. The 1D simulations were
performed using MULTI, a planar 1D code solving the coupled hydrodynamic and radiation transfer
equations [8]. This code uses an implicit numerical scheme with the radiative transfer treated via a
multigroup model (in frequencies and angles). The laser energy deposition was treated by inverse
bremsstrahlung, the electron conduction was given by the Spitzer formula, and the opacities [9] and
equation of state were tabulated.

First, the X-ray emission coming from the rear-side of a 1000 RA laser-heated gold foil was calcu-
lated. In this simulation, the laser irradiance was 5× 1013 W=cm2. Then, for the X-ray heated target
itself, a second simulation was run, taking into account the geometry of the energy transfer between
the gold foils and the sample using a view factor of 0.12, which was adjusted to be consistent with
previous experiments [10,4]. Thus, spatial and temporal variations of the density and temperature
in the X-ray heated sample itself were obtained at the times of interest. During the time of the
absorption measurement, the density and temperature pro=les could be quite di+erent, depending of
the type of the sample, i.e., the thickness of the carbon and aluminum layers. A typical situation
for the temporal evolution of the electron temperature is plotted in Fig. 2, which is the case of a
26 �g=cm2 sample of aluminum tamped by 8 �g=cm2 of carbon. The backlighting delay with respect
to the main heating pulse was optimized to minimize the gradients and also ensure that the collision
of the gold foils does not interfere with the measurements. Previous experiments [11] show that this
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Fig. 3. X-ray spectrum emitted by the rear side of a 1000 RA gold converter foil calculated by MULTI (plain line) and
compared to a 40 eV Planckian (dotted line). The C-layer transmission is plotted for a 70 �g=cm2 layer (dashed line).

collision occurs at ∼ 1300 ps after the laser maximum, as indicated in Fig. 2. Thus, the optimum
backlighting time is between 500 and 800 ps after the laser pulse maximum, and here, the delay of
500 ps was used for most of the measurements.

It is also necessary to verify that using a thick carbon tamper to increase the density does not
create a major perturbation of the heating of the aluminum layer. To determine the e+ect of C
thickness on the Al temperature, we compare the heating spectrum with the carbon transmission. In
Fig. 3, the calculated X-ray spectrum emitted by a gold converter foil is shown compared to a 40 eV
Planckian spectrum and to the transmission of a 70 �g=cm2 thick carbon foil. First, the Planckian
and the simulated spectra are slightly di+erent but in the same range of energy. Second, one can
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Fig. 4. Density as a function of the Lagrangian mass coordinate, calculated with the code MULTI, for a 40 �m=cm2 Al
sample and the four di+erent carbon thicknesses used in the experiment as indicated. The plain curves correspond to the
measurement time tm (500 ps after the heating pulse). The two other curves are plotted for tm + 300 ps (dashed line) and
tm − 300 ps (dotted line).

see that the bulk of the heating spectrum is below the carbon K-edge at 400 eV. Thus, the thicker
tamper only slightly modi=es the heating.

In Figs. 4 and 5, the pro=les of density and electron temperature are shown as a function of the
lagrangian coordinates (i.e., position in the foil at initial time) given by the MULTI simulations for
a ∼ 40 �g=cm2 aluminum sample and the di+erent carbon tamper thickness used in our experiment.
The solid curve is the data at the maximum of the backlighter, t0. The parameters are indicated for
times t0± 300 ps, in the dashed curves, permitting estimates of the spatial and temporal gradients in
the Al layer.

In Fig. 4, the e+ect of the C tamper thickness on the density of the sample is clearly visi-
ble. Increasing this thickness from 8 to 70 �g=cm2, the mean density varies from 10−2 to nearly
10−1 g=cm3. Unfortunately, the gradients are quite large, even though the ion populations do not
vary very much with density. For the case of a 8 �g=cm2 tamper, the density varies by a factor of
∼ 5 along the sample thickness. The gradient does not vary widely when the density increases for
thicker carbon tampers, the density gradient being ∼ 4:6 for the thickest tamper. Time variations of
the density during the backlighter pulse are on the same order of magnitude as the spatial gradients
as can be seen in Fig. 4.
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Fig. 5. Electronic temperature as a function of the Lagrangian mass coordinate, calculated with the code MULTI, for a
40 �m=cm2 Al sample and for the minimum and maximum carbon thickness, as indicated. The plain curves correspond
to the measurement time tm (500 ps after the heating pulse). The two other curves are plotted for tm + 300 ps (dashed
line) and tm − 300 ps (dotted line).

The spatial and temporal variations of the temperature, shown in Fig. 5, are also important.
Spatially, the temperature varies by about 10 eV along the Al sample thickness, and the time variation
is on the same order. Further, heating is less e;cient for a thick tamper as the mean temperature
drops from 20 to 15 eV when the tamper thickness is increased from 8 to 70 �g=cm2. This can be
due to the absorption of the high-energy component of the heating spectrum, i.e., at energies greater
than 400 eV.

Due to the large density and temperature gradients, and the simultaneous change of density and
temperature with the carbon tamper thickness, the experimental results will be analyzed using the
pro=les predicted by the hydrocode MULTI. This is in distinction with our usual procedure that
consisted of =xing the density and determining a single average temperature.

4. Atomic physics calculations

In order to obtain the ion distribution in the Al plasma and its optical properties, two theoretical
approaches have been used. The =rst one relies on the detailed atomic code HULLAC [12,13,5] based
on a relativistic parametric potential. This code provides the transmission associated to each isolated
ion species. In a subsequent step, the abundance of the various ions are deduced from either a Saha–
Boltzmann law or by manual input, and the overall transmission is then computed. The version
employed here is to calculate each individual line [12,13], as unresolved transition arrays (UTAs)
are unnecessary for these low temperatures where a small number of transitions are involved for
the 1s–2p absorption of aluminum. In this case, the transitions involving several electrons, which
generate dielectronic satellites can be neglected. The HULLAC calculations have been used as a
post-processor of the hydrocode MULTI for most of the analysis, as explained below.

Free electron screening is not accounted for in HULLAC. So, a second calculation relying on the
SCO code [6,7], based on the supercon=guration description of the atomic structure [14], was used.
This model accounts for LTE thermodynamics to determine the ion distribution. It includes also the
screening of the nucleus due to the free electrons [15,16].
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Fig. 6. Comparison of HULLAC modeling coupled with the code MULTI for, with aluminum 1s–2p transmission spectra
measured for a 40 �m=cm2 Al sample and di+erent carbon thicknesses, as indicated. The measurement is delayed by
500 ps versus the heating pulse. Plain line: experiment; dotted line: simulation.

5. Experimental results

Transmission of the 1s–2p Al transitions have been measured in the 8.1–8:35 RA range for di+erent
absorbing samples. Aluminum samples of 20 and 40 �g=cm2 thickness have been measured, for
a delay of 500 ps between the heating beams and the backlighter. Data recorded for 40 �g=cm2

Al samples and for di+erent carbon tampers (8, 20, 50 and 70 �g=cm2) are shown in Fig. 6. The
ionization stays at a relatively low level. For a thin carbon tamper, one can see clearly the absorption
due to Al4+–Al6+, as indicated in Fig. 6. The ionization decreases for increasing tamper thickness,
with Al4+ becoming dominant for 50 and 70 �g=cm2 tamper thickness. Results obtained with a
20 �g=cm2 Al sample are very similar. For a thin tamper, transmission is as low as 0.2 for 40 �g=cm2

and 0.4 for 20 �g=cm2, indicating that we are in the linear absorption regime.
To test the e+ect of the backlight delay time on the absorption spectrum a few shots were per-

formed for a =xed C tamper thickness of 50 �g=cm2 and Al sample of 40 �g=cm2, while varying the
delay between the main heating X-ray pulse and the backlighter. In Fig. 7, the transmission spectra
obtained for 200, 500 (as Fig. 6) and 900 ps delays are shown. It can be seen in Fig. 7 that for
these conditions the ionization does not vary signi=cantly in time.
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A quantitative analysis of these data has been obtained by =tting the experimental data to HULLAC
using manually determined ion fractions. This procedure permits one to deduce the ion fractions and
the average ion charge of the measured plasma. These results, corresponding to Figs. 6 and 7, are
given in Table 1. The ionization is slightly higher for the 20 �g=cm2 Al samples (〈Z〉 = 3:5–4.6)
than for thicker Al samples (〈Z〉= 3:8–5.1), but of the same order of magnitude. As a function of
time, ionization does not vary signi=cantly, the di+erence being under the 0.1 experimental error
bar.
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Table 1
Fit of the experimental transmission with ionic populations manually inserted in the HULLAC code

Target type F-like O-like N-like C-like B-like 〈Z〉
(Z = 4) (Z = 5) (Z = 6) (Z = 7) (Z = 8)

40 �g=cm2

9/42/8 0.120 0.350 0.360 0.170 0.000 5.58
21/42/22 0.385 0.410 0.180 0.025 0.000 4.84
53/37/55 0.405 0.440 0.140 0.015 0.000 4.77
70/37/72 0.550 0.360 0.090 0.000 0.000 4.54

20 �g=cm2

9/26/8 0.070 0.200 0.350 0.320 0.060 6.10
21/26/22 0.100 0.320 0.400 0.150 0.030 5.69
52/20/55 0.140 0.440 0.350 0.070 0.000 5.35
70/20/72 0.330 0.520 0.150 0.000 0.000 4.82

40 �g=cm2 fct time
200 ps 0.265 0.490 0.210 0.035 0.000 5.02
500 ps 0.405 0.440 0.140 0.015 0.000 4.77
900 ps 0.200 0.670 0.130 0.000 0.000 4.93

6. Comparison of experimental and simulation results

Experimental results have been compared to transmission spectra calculated with HULLAC used
as a post-processor of the MULTI hydrocode simulations.

First, we compared the experimental transmission spectra to HULLAC calculations performed
with densities and temperatures averaged in space and time, as in previous works. In Fig. 8, the
comparisons performed in this manner are plotted. Average densities and temperatures are given in
the =gure caption. The temperature varies from 13 to 20 eV, and accordingly, the density decreases
from 0.14 to 0:024 g=cm3. Using these mean parameters, the theory gives an ionization that is
systematically lower than experiment. This is expected from the strong temperature and density
variations shown in Figs. 4 and 5.
Following these simulations, it was considered essential to fully couple HULLAC to the hydro-

dynamic simulations. Here we use a space and time grid that has 10× 10 points. A case has been
tested with a 20×20 grid of points, and no signi=cant changes were observed. Then the total opacity
of the sample was given by a product of each spatial cell contribution:

�(tn) =
∏

i

e−Ki�i
xi

where the opacity, Ki(�; T ), and density, �i depend on the local ne(xi; tn) and Te(xi; tn), and 
xi is
the dimension on the grid. The total transmission for the entire absorption pulse is a mean de=ned
by

�=

∫
n F(t)�(t) dt∫
n F(t) dt

where F(t) is the time envelope of the probe laser.
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The comparisons obtained with this method for the di+erent experimental conditions are shown
in Fig. 6. The quality of the agreement is obvious. The decrease of ionization (〈Z〉 changes from
5 to 4) with increasing tamper thickness is very well reproduced. This variation is explained partly
by the increase of the density, but also by the 5 eV decrease of the temperature shown in Fig. 5.

For the cases with other backlight delays shown in Fig. 7, the agreement is not as good as for
data obtained for a 500 ps delay. For the 200 and 900 ps delays, the experiment gives a slightly
higher ionization state than the simulation. The strong early time variations of the plasma parameters
(see Fig. 2) may explain the inability to reproduce the data for a delay of 200 ps. Thus, the time
discretization into 10 steps may be too course for this rapidly evolving plasma phase. For the
900 ps delay case, where the disagreement is the strongest, ionization freezing due to time-dependent
evolution of the populations may occur. We checked this possibility by post-processing the hydrocode
data with the atomic time-dependent (TD) code FLY [17]. It shows that LTE and TD results, shown
in Fig. 9, are very close inside the sample, but TD ionization stays higher for the hotter part of the
Al sample. Indeed, one can see in Fig. 9 that 〈Z〉=5:6 instead of 〈Z〉=5:2 at LTE, for time=1500 ps,
i.e., 900 ps after the heating pulse maximum. This can explain most of the disagreement at the latest
time. The shock of the gold foil that can heat the sample plasma may also be a contributing factor.
For a 900 ps delay, the collision happens before the end of the backlighter pulse. Interestingly, the
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Table 2
Ion populations for T =13:42 eV, �=0:027 g=cm3, using HULLAC plus Saha equation formalism (col. 2), and using the
supercon=guration approach (col. 3)

Z HULLAC+Saha equation SCO

1 9:8× 10−4 9:551× 10−3

2 8:618× 10−2 0.1797
3 0.8277 0.6419
4 8:48× 10−2 0.1673
5 3:05× 10−4 1:613× 10−3

〈Z〉 2.997 2.972

FLY simulations give an average ionization value close to the data obtained from the experiment,
and shown in Table 1.

A few calculations have been performed with the SCO code. The populations of the various ion
species obtained with SCO and HULLAC are detailed in Table 2 for Te=13:4 eV and �=0:027 g=cm3.
It appears that the ion distribution is roughly the same in both approaches. A closer inspection of the
results demonstrates that the SCO approach slightly favors the high charge states. This is probably
due to the fact that because of the nuclear screening, the charge experienced by the bound electrons
is slightly smaller in the SCO approach than in HULLAC. As a rule, the SCO model provides a
broader charge distribution. This could have a small but measurable e+ect on the transmission spectra
presented in this paper. To have a full comparison, hydrocode simulations should be post-processed
with SCO and this will be performed for future experiments where aluminum will be replaced by
nickel.
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7. Conclusions and future plans

Measurements of the transmission of Al samples at high density (0.02–0:15 g=cm3) and temper-
atures in the range 13–20 eV have been performed using thick C tampers. This has been possible
due to the high transmission of carbon at the energy of the XUV energies used to heat the sample.
Experimental transmission was compared to data calculated by post-processing the hydrocode sim-
ulation results with the atomic code HULLAC where the time and space variations of the plasma
parameters were taken into account. A substantial decrease of the Al ionization was measured for
the thicker carbon tampers. The technique used here will be applied to analyze the transmission of
high-density nickel samples in the near future. In this case, coupling the SCO code with radiative
hydrodynamic simulations will be necessary.

Future facilities with improved laser performance will give higher and more isotropic radiation
Suxes, yielding higher sample temperatures and densities. Coupling such high-energy lasers with a
very short pulse backlighter (in the 10 ps duration range) will provide much better time resolution
for the opacity measurements. Short backlighter pulses should allow one to probe the heated plasma
very early. This should dramatically increase the range of plasma parameters accessible in these
laser-driven opacity measurements.
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