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Abstract Opacity measurements in warm dense mat-
ter (WDM) provide a valuable benchmark for the di-
verging theoretical models in this regime. Heating of
thin foils with intense heavy ion beams allows to create
isolated samples of warm dense matter suitable for ex-
perimental determination of frequency-dependent opac-
ities. A prerequisite for the measurements is the isother-
mal expansion of the heated foil. Hydrodynamic simula-
tions predict that this condition is fullfilled. The analysis
shows that existing ion beam accelerators are capable to
contribute to this field of research.

1 Introduction

Warm Dense Matter (WDM) refers to states with com-
parable thermal and Fermi energies and an ion-ion cou-
pling parameter that exceeds unity. WDM can be consid-
ered as high-temperature condensed matter or as strongly-
coupled plasma. In nature WDM occurs in the core of
giant planets, in the laboratory it appears in every ex-
periment in which plasma is created very quickly from a
solid. Understanding of WDM is difficult because of the
complexity of first principle theories and the lack of well
defined experimental measurement [1].

The optical properties of strongly-coupled plasma are
very sensitive to the electron energy spectrum defined
by particle interactions. The opacity measurements of
WDM will give a benchmark for theoretical approaches
and clarify the influence of non-ideality on the absorp-
tion coefficients. In [2], Rosseland mean opacities ob-
tained with Quantum Molecular Dynamics (QMD) sim-
ulations and the Los Alamos Light Element Detailed
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Configuration OPacity code (LEDCOP) are compared.
The calculations presented for warm dense Al disagree
by up to several orders of magnitude. To the best of our
knowledge, there are no experimental data available to
validate the calculated results, which is due to the chal-
lenge of experimental measurements.

Intense charged particle beams provide a useful tool
for creating isolated samples of warm dense matter. In
this paper we want to address the measurement of fre-
quency-dependent opacities in WDM created by an ion
beam. The performed hydrodynamic calculations show
that volumetric heating of thin foils by intense ion beams
allows to create warm dense matter samples with a nearly
constant temperature, which is essential for precise opac-
ity measurements.

The target parameters for opacity measurements in
ion beam produced WDM were chosen assuming an en-
ergy deposition of 10 kJ/g in high-Z materials within
a 100 ns ion pulse. These parameters are expected us-
ing bunches of 10'° uranium ions at the heavy ion syn-
chrotron SIS-18 at the Gesellschaft fiir Schwerionenfor-
schung, Darmstadt (GSI) in the year 2009. For first ex-
periments lead can be chosen as material for opacity
measurements because the highest temperatures are ob-
tained by ion beam irradiation in high-Z materials. For
a sub-pm foil target the plasma after the ion beam heat-
ing will have a density of about p ~ 0.01 g/cm® and a
temperature of 7'~ 2 eV. This corresponds for lead to a
mean ion charge of Z ~ 1—1.5 according to the different
models and a nonideality parameter I" ~ 0.4 — 0.6.

In Sec. 2 the calculated radiation transmission in ion
beam produced warm dense matter is presented together
with hydrodynamic simulations. In Sec. 3 details of an
experimental realization are discussed. Conclusions are
given in Sec. 4.
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2 Target modeling

Intense ion beam pulses are typically long on the time
scale of the hydrodynamic target responce. Energy de-
position of 10 kJ/g over a 100 ns heating time causes a
strong expansion of the initially sub-gum thick foil. This
results in a plasma slab with about 0.01 g/cm® density
and 2 eV temperature. Figure 1 shows the calculated
transmission for the Pb plasma of 0.02 cm thickness with
the above parameters. The calculations were made us-
ing two completely different models — the Saha model
with continuum lowering [3] and the quasizone model
(QZM) [4], which includes electron-ion interaction in the
mean spherical cell approximation.

In the quasizone model the spectrum of the high den-
sity plasma is described by using a so-called quasizone.
This is an energy band which allows to treat bound
states for inner electrons, free states for continuum and
intermediate electron states with energy close to zero, in-
cluding resonances, in the same manner. The quasizone
appears due to the special boundary conditions for wave
functions — quasi-periodical conditions in mean spherical
approximation. In this case the electron wave function
is presented as an expansion over spherical harmonics.
There is one harmonic for every bound state, several for
weakly bound states and an infinite number of terms
for the free states. Using the quasizone model and local
density approximation for electron exchange and correla-
tion effects it is possible to obtain the energy spectrum,
equation of state (EOS) and photon absorption coeffi-
cients in a wide range of plasma temperatures and den-
sities. However, the above model uses an average atom
approximation, and its accuracy may be insufficient at
the considered low temperatures.

On the other hand, the Saha approximation does not
include interaction between particles in the plasma and
works for dilute plasmas only. The density limit for the
Saha approach at low temperatures is under question.
The results presented in Fig. 1 demonstrate a big dif-
ference between the two approaches. This discrepancy is
caused by both different ionization states (Saha model
gives mean ion charge Zp = 0.96, QZM Z; = 1.08) and a
merging of spectral lines into broad bands in QZM. The
Saha approximation of ideal plasma at such conditions
is problematic and models which include the effects of
ion-electron interactions give results very different from
the ideal-plasma approach and between each other. Mea-
surements can clarify the question how the strong inter-
action affects the plasma properties.

Hydrodynamic calculations were performed to pre-
dict the spatial distribution of the plasma parameters
after the ion beam heating. The foil thickness was op-
timized according to the calculated radiation transmis-
sion. For the simulations the hydrodynamic code CAVEAT
was used together with the SESAME equation of state
for Pb # 3200. The calculated temperature and density
profiles along the ion beam axis in the initially 0.3 pm
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Fig. 1 Transmission of Pb plasma slab with 0.01 g/cm® den-
sity and 2 eV temperature calculated with two different mod-
els; the plasma layer has a thickness of 0.02 cm.
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Fig. 2 Density and temperature distribution in an ion-beam
heated lead foil at t = 105 ns.
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Fig. 3 Calculated transmission of the ion beam heated Pb
plasma using two different models. The spatial distributions
of density and temperature correspond to Fig. 2.

thick foil are presented in Fig. 2. The time t = 105 ns
was chosen to ensure thermodynamic equilibration of the
plasma after the energy deposition by the ion beam.
According to the simulation the temperature in the
heated target of about T = 1.9 eV is nearly constant,
which is important for the interpretation of the measured
plasma transmission. The density profile is gaussian with
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a maximum at the center with p = 0.009 g/cm?. The
density profile has to be measured and taken into ac-
count in the analysis of experimental transmission data.
In Fig. 3 the plasma transmission calculated with the
above density profile is presented. As expected, the den-
sity profile does not affect the transmitted spectrum sig-
nificantly (compare to Fig. 1). Therefore, the plasma
conditions achievable in ion beam heated foils are well
suited for opacity measurements in the WDM - regime.

3 Experimental realization

For the described measurements it is not only impor-
tant to create an isolated plasma sample with properties
suitable for the opacity measurement, but also to have a
backlighter source which covers the wavelength region of
interest. Such source should be sufficiently intense and
have a spectrum without pronounced line structure. A
suitable backlighter can be created with the help of a
high power laser, either by direct target heating or via a
radiative hohlraum. This approach will be exploited at
the future FAIR facility where a suitable laser will be
available together with the intense ion beam.

For near term experiments an alternative solution
can be to drive the backlighter with the same ion beam
as the target foil for the opacity measurement. Such a
source can be realized using an ion beam heated high-
Z foil placed in front of the target to be investigated,
as shown in Fig. 4. Preferably the temperature of this
backlighter foil is several times higher than the tempera-
ture of the target. For small temperature differences the
accuracy of the measurement is reduced, since the self-
emission of the target foil has to be subtracted from the
recorded spectrum. Experimentally, the difference in the
deposited energy between the backlighter and the target
foils can be achieved by the displacement of the target
foil from the waist of the ion beam focus. Calculations
show that a heated gold foil of 1 pm thickness emits
radiation close to a black body spectrum with a tem-
perature of about 2.3 eV when heated with a beam of
15 kJ/g energy deposition. The temperatures of both,
the backlighter and the target foil can be determined by
fitting the self emission to a Planckian curve. The cal-
culated emission of the backlighter foil at t = 105 ns
is presented at Fig. 5 in comparison with black body
radiation of the same temperature.

The light that is transmitted through the target foil
has to be spectrally resolved and recorded. A VUV-
spectrometer that allows a temporal resolution of few ns
is required to perform the measurement. To determine
the characteristics of the backlighter its spectrum has
to be recorded separately. Likewise the emission spec-
trum of the target foil alone has to be measured. The
brightness of an ion beam heated backlighter source is
more than sufficient even if a large distance between the
target foil and the spectrometer and short gating times
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Fig. 4 Schematic view of the target—backlighter configura-
tion.
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Fig. 5 Emission spectrum of the 1m Au foil heated to a
temperature of T~2.3 eV (blue line) and Planckian spectrum
corresponding to the same temperature (red line).

are assumed. Nevertheless the signal to noise ratio is of
concern. Neutrons originating in the foils are expected
to be the main source for the background signal.

Figure 6 shows the calculated spectrum that will be
observed behind the target foil. It includes the emission
spectrum of the target foil and the light of the back-
lighter foil transmitted through the plasma target. The
emission spectrum of the target has to be subtracted
from the measured spectrum. The resulting spectrum
has than to be divided by the emission spectrum of the
backlighter to obtain the transmission. The calculated
spectrum obtained with the help of the quasizone model
(blue) is closer to a black body spectrum than the spec-
trum based on the Saha approach (red).

4 Conclusions

Intense ion beams are a promising tool for opacity mea-
surements in warm dense matter. The parameters of the
plasma samples after the ion beam irradiation are well
suited for experiments. The isothermal expansion of the
irradiated foils allows the precise interpretation of the
measured data. A second foil heated with the same ion
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Fig. 6 The calculated spectrum behind the target foil. Den-
sity and temperature of the target plasma are as given in
Fig. 2. a) calculation using the quasizone model, b) Saha
approach.

beam can serve as a backlighter source. At present ac-
celerator facilities like SIS-18 at GSI these opacity mea-
surements can be performed.

Opacity measurements will be an essential part in the
work of the WDM collaboration at FAIR [5]. Making use
of the higher beam intensities, shorter ion bunches and
the availability of a high power laser at the future facil-
ity will overcome many restrictions imposed by current
machines. Plasmas of higher temperatures and densities
can be created without the present limitation to high-Z
materials. The high power laser will enable backlighter
sources with a wide range of temperatures.
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