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Measurements of extreme uv opacities in hot dense Al, Fe, and Ho
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The opacities of aluminum, iron, and holmium were measured spectrally resolved in the energy range of 70
to 280 eV at typical densities and temperatures of about 0.01 g/cm and 22 eV, respectively. For this purpose
the iodine laser ASTERIX IV (200 J/0. 4 ns at 400 nm) was focused into a spherical gold cavity with a diameter

of 3 mm. The generated radiation with a temperature of 60 eV heated thin tampered absorber foils which were

probed by the radiation from a backlighter source. The experimental data are compared with theoretical opacity
models.

PACS number(s): 52.25.Qt, 52.50.Jm, 44.40.+a, 97.10.Ex

An essential contribution to the -energy transport in hot
dense plasma is caused by radiation. This is of importance,
for example, in astrophysical models of stars [1]or in indi-
rect drive inertial confinement fusion (ICF) targets [2]. Mod-
eling of such plasmas strongly relies on radiative opacities.
Theoretical calculations of opacities are very complex and
need numerous approximations. Therefore, it is not surpris-
ing that different opacity models often differ in their results

[3]
To check opacity models, clear measurements at a well

deAned temperature and density are strongly needed. Re-
cently, such measurements became possible by the technique
of radiative heating using the intense thermal x rays emitted

by laser-irradiated targets. This method allows uniform vol-
ume heating of tampered thin sample foils to temperatures of
up to = 100 eV at densities around 0.01 g/cm . The opacity
is obtained from the transmission of an x-ray probe beam
through the heated foil. Many experiments of this type were
performed during recent years to study the spectral range at
& v~1 keV by crystal spectroscopy [4—7]. In contrast, the
spectral range h v~1 keV is much less explored. It requires
reliable extreme uv diagnostics and sufficient suppression of
self-emission from the heated sample (or from other
sources), which tends to increase in this region. On the other
hand, it is this spectral range which determines the Rosse-
land and Planck mean opacities, i.e., the radiative transport.
Experiments in the spectral sub-keV range have recently
been performed with iron as the sample material by DaSilva
et al. [8] at a temperature of =25 eV in the spectral range 50
eV ~hv~120 eV and by Springer et al. [9] at a higher
temperature of =59 eV in the spectral range 90 eV
«h v~300 eV.

In this paper we present opacity measurements performed
with the iodine laser ASTERIX IV at the Max-Planck-Institut
fiir Quantenoptik at T=22 eV and p=0.01 g/cm in the
spectral range 70 eV ~h v~280 eV. As sample material we
used aluminum (Z = 13), iron (Z = 26), and holmium
(Z=67), which elements are considered as representative
for low, medium, and high Z. Extreme uv opacity measure-
ments for these parameters have been reported previously
only for iron by DaSilva et al. [8].In contrast to this experi-
ment we realized a low level of self-emission which im-

carbon mirrors
~ w

entrance slit

/
flat field reflection

/
grating collec

mirro

FIG. 1. Scheme of the experimental setup.

proves the accuracy of the measurement. We emphasize that
spectrally resolved extreme uv opacity measurements for
high-Z elements such as Ho have not, to our knowledge,
been reported previously. The opacity of high-Z elements is
of importance for indirect drive ICF where it determines the
radiation field building up in high-Z cavities [2], ~hereas
low- or medium-Z elements like Fe are of relevance for as-
trophysics [1].The experimental results have been compared
with the local thermodynamic equilibrium (LTE) opacity
models OPAL and STA.

The scheme of the experimental setup is shown in Fig. 1.
To heat the absorber foils we used gold cavities with a diam-
eter of 3 mm which were heated by the main beam of the
iodine laser ASTERIX IV (200 J, 0.4 ns, 438 nm). The ab-
sorber foils were glued on one of the two diagnostic holes
with a diameter of 1 mm which was large enough to prevent
hole closing. In addition, we used a Macrofol diaphragm
with a diameter of 0.5 mm to suppress edge effects of the
diagnostic holes. To reduce axial density gradients due to
expansion, we used tampered absorber foils consisting of
560 A (corresponding to 15 p, g/cm areal mass density) car-
bon on either side of the sample layer. The sample layer was
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FIG. 2. Streak camera signals of the backlighter observed
through a heated cavity (a) without a sample and (b) with an alu-
minum sample.

either 1075 A (30 p,g/cm ) thick aluminum or 191 A (15
p, g/cm ) thick iron or 170 A (15 p, g/cm ) thick holmium.

A backlighter source was generated by a second laser
beam (25 J, 0.4 ns, 1.3 p, m), which was focused on a planar
gold target with a delay of 800 ps to the main beam. A
distance of 1 cm between the backlighter source and the
cavity was 1arge enough to prevent heating of the sample by
the backlighter. The transmission of the backlighter probe
beam through the sample was measured by an extreme uv
spectrometer consisting of a collector mirror, which images
the source on the entrance slit, a 1200 lines/mm Hitachi flat
field reflection grating and an x-ray streak camera as detector
I 10].The time resolution was 20 ps and the wavelength reso-
lution 1.0 A. The absolute wavelength scale has been cali-
brated by means of line emission spectra with an accuracy of
~0.5 A. The probed area of the sample had a diameter of
=300 p,m.

Because the flat field grating has a large conversion effi-
ciency into higher diffraction orders, it was necessary to sup-
press short wavelengths by positioning between the collector
mirror and the entrance slit either a thin carbon filter or,
alternatively, a set of two parallel flat carbon mirrors. Using
the carbon filter, the contributions below 44 A are sup-
pressed, resulting in a signal which is free of higher orders in
the range 44 to 88 A. The carbon mirrors at 9' grazing angle
of incidence eliminate wavelengths below =85 A and allow
one to record an unperturbed first order spectrum in the range
85 to 170 A. Thus, in total the wavelength range 44 to 170 A
can be covered.

Figure 2 shows two streak camera records obtained in two
different shots. Figure 2(a) is a record of the backlighter
spectrum observed through a heated cavity without a sample.
The radiation of the plasma filling the cavity appears about 2
ns after the backlighter signal, late enough not to disturb the
absorption measurement. Figure 2(b) shows the signal with
an aluminum absorber foil on the cavity. Absorption lines of
the heated Al appear now. The weak signal seen early at the
time of the main beam is attributed to self-emission from the
heated sample. Due to the high brightness of the backlighter
source the contribution of self-emission from the heated
sample does not exceed a few percent of the signal of the
absorption spectrum.
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FIG. 3. Measured transmission spectra of (a) aluminum, (b)
iron, and (c) holmium for the heated and cold sample, respectively.
For Al (a) also a comparison with the OPAL code at p=0.01
g/cm and T = 22 eV is shown (the OPAL data have been shifted by
3 eV to lower photon energies for an optimum coincidence between
the measured and the calculated spectra).

The transmission has been obtained by normalizing the
absorption spectrum to the backlighter spectrum. Thus the
spectral response of the spectrometer is eliminated. Because
the backlighter and absorption spectra were recorded in dif-
ferent shots, small shot to shot variations limited the relative
error of the transmission to ~ 10%. Our results obtained for
Al, Fe, and Ho are exhibited by Fig. 3. The spectra refer to
the time of the maximum of the backlighter pulse and are
averaged over a period of 400 ps. (We note that the trans-
mission spectra did not show remarkable changes during the
probing time interval of the backlighter. ) Correction of the
data for the carbon transmission was in most cases not nec-
essary, because it was close to one. Only in case of the Al
sample with the larger mass density (30 pg/cm compared to
15 pg/cm used for Fe and Ho) the carbon layer at the rear
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FIG. 4. Measured and calculated mass absorption coefficient
versus photon energy for Fe (a) and Ho (b). In the calculations we
used for Fe: p=0.01 g/cm at T=22 eV (dotted) and T=24 eV
(grey); and for Ho: p = 0.03 g/cm, T= 20 eV.

(Al) and intermediate coupling for medium-Z (Fe). In con-
trast, the STA code [17]is appropriate for high-Z elements. It
uses the method of super-transition-arrays (STA's) to de-
scribe the broad bound-bound structures formed by high-Z
elements due to the extremely high line density of the nu-
merous overlapping multiplets.

Figure 3(a) shows the comparison of OPAL with the mea-
sured Al transmission. The calculated data have been
smeared with the experimental spectral resolution. From this
comparison, we infer a sample temperature T=22 eV for
which value the best agreement between theory and measure-
ment is achieved. The accuracy of the temperature obtained

by this fit is estimated to be ~ 2 eV [12].The mean ioniza-
tion calculated by OPAL for this temperature is 4.6 in agree-
ment with the observation that the strongest absorption lines
are due to Al + and Al +. It is noted that the temperature
for the best coincidence does not strongly depend on the
assumed density. For example, lowering of the density by a
factor of 3 results in a decrease of the temperature by 2 eV to
get the same ionization. This type of spectroscopic tempera-
ture determination has previously been tested with high ac-
curacy in an Al plasma of similar density in the spectral
range of the Al K-shell lines above 1 keV [6,18].

For the comparison of the experimental Fe and Ho data
with theory we have converted the measured transmission
into the mass absorption coefficient and have plotted it in

Fig. 4. (This conversion has not been made for Al because of
the larger uncertainties due to the small transmission in some

side did not completely burn through and a correction was
necessary on the long wavelength side of the spectrum. This
has been done by using calculated carbon opacities for the
density and temperature obtained in hydrodynamic simula-
tions (see below).

By switching off the main beam, we also measured the
transmission of the unheated sample. It is plotted in Fig. 3
for comparison with the transmission of the heated sample.
The strong inhuence of the heating on the opacity is well
demonstrated. To check the reliability of the experiment we
compared the cold data with those compiled by Saloman
et al. [11].We find good agreement [12].

We describe now the transmission spectra of the heated
samples. Al [Fig. 3(a)] shows several discrete absorption
lines. The dominant lines are due to partially resolved 2p-3s
multiplets of Al + and Al + indicating an average ionization
between 4 and 5. With Fe [Fig. 3(b)] the strongest absorption
features are caused by the 3p-4s, 3d 5f (Fe -+) and 3d 4f-
(Fe +) transition arrays at = 130 A and the hn = 0
(3p-3d) transition array at = 180 A. Compared to the previ-
ous measurement of DaSilva et al. [8] at a similar tempera-
ture and density, our data are obtained at a much smaller
level of self-emission and, therefore, more accurate (for a
direct comparison of the two measurements we refer to Ref.
[12]).On the other hand, the measurement of DaSilva et al.
extends to longer wavelengths X~250 A and exhibits the
prominent An =0 (3p-3d) absorption feature in its entirety,
including its long wavelength (low energy) side.

In Fig. 3(c) the transmission spectrum of the heated Ho
sample is presented. Because of the open 4f shell of neutral
holmium (. . . 4d' 4f '5s Sp 6s ) the 4d 4f transition -ar-
rays centered at 75 A can even be observed with cold Ho. In
heated Ho with less electrons in the outer shells the 4d 4f-
dip is shifted to shorter wavelengths because of less screen-
ing by the outer electrons. At the same time, the transparency
increases considerably at longer wavelengths because of less
photoionization.

For a comparison with opacity models the temperature
and density of the samples are needed. For this purpose
hydrodynamic simulations have been performed with
the MULTI hydrodynamic code [13].The radiative heating
has been modeled by using as the drive radiation Planckian
x rays, similarly as has been described in [14].For the driv-

ing Planckian x rays we used a temperature in the range 55
to 60 eV with a pulse duration of 0.5 ns. These values have
been inferred from separate measurements of the emission
from the inner cavity gold wall by an absolutely calibrated
pinhole transmission grating similar to that used previously
by us [15].The simulations yield a maximum temperature of
the sample of 40 to 45 eV. At the time of the measurement by
the delayed probe beam, the expanding sample foil has
cooled down to a temperature of around 20 eV at a density
around 0.01 g/cm . At this time the spatial temperature
variation across the layer of the sample element does not
exceed 2 eV.

For these temperatures and densities the state of the

plasma is very close to LTE due to the high electron collision
rates [12].Therefore a comparison with the LTE codes OPAL
and STA is justified. The OPAL code [16] is developed for
low-Z and medium-Z elements such as Fe. It considers the
actual multiplet structure by using I.S coupling for low-Z
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spectral regions. ) The given experimental error is caused by
the limited accuracy of the transmission measurement and of
the areal mass density of the sample. For Fe Fig. 4(a) exhib-
its the results of OPAL at T= 22 eV (p =0.01 g/cm ) which
value was inferred from the Al sample. It is seen that OPAL
reproduces quite well the measured spectral dependence with
the trend to be slightly larger (by a factor of =1.5). The
temperature in the Fe sample may be slightly different from
that in the Al sample. To see the effect of a changed tem-

perature, we plotted in Fig. 4(a) the OPAL result at T=24
eV, too. With this higher temperature the mean ionization
increases from 6.6 to 7.0 and the mass absorption coefficient
decreases in the region 75 eV ~h v~ 110 eV coming here
closer to the experimental values.

The Ho absorption in Fig. 4(b) is in good agreement with
STA when we use a larger density value (p=0.03 g/cm )
and a smaller temperature (kT= 20 eV) resulting in a calcu-
lated mean ionization of 7.5. We find good agreement in the
low energy part of the spectrum at hv~150 eV which is
mainly due to bound-free transitions and to a minor degree
by bound-bound transitions (they are causing the small
modulations seen in the calculation in this range). At
h v~150 eV the prominent 4d 4f absorp-tion feature is
present in the STA calculation at the correct energy, but in
the experiment it is a factor of 2 broader than in the calcu-

lation. This is attributed to the approximations used by STA
to calculate the supertransition arrays, for example in the
treatment of the configuration interaction [19].We note that
the detailed shape of the 4d 4f-absorption band in Ho infiu-

ences the value of the Rosseland mean opacity, in particular,
when the temperature is larger than in the present case and
the maximum of the Rosseland weight function is in the

range of the 4d 4f p-eak.

In conclusion, we have measured spectrally resolved ex-
treme uv opacities in Al, Fe, and Ho in the range 70 to 280
eV by using the high power laser ASTERIX IV at an energy
output of about 200 J. By studying the samples at a rather
low temperature of =22 eV, we could keep the background
due to self-emission on a negligible level which resulted in
accurate transmission data. The experimental data have been
used for a comparison with the opacity models OPAL for Al
and Fe and STA for Ho. The agreement between measured
and calculated absorption coefficient is encouraging. Major
discrepancies are present in the shape of the Ho 4d 4f ab--
sorption band which is of importance for the Rosseland mean
opacity.
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