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We present a new double hohlraum target for the creation of a moderately coupled (0:1 < C < 1) carbon
plasma for energy loss and charge state measurements of projectile ions interacting with this plasma. A
spherical cavity of 600 lm in diameter is heated with a 150-J laser pulse (kL ¼ 527 nm) within 1:2 ns to
produce a quasi-Planckian X-ray source with a radiation temperature of Tr � 100 eV. These X-rays are
then used to heat volumetrically two thin carbon foils in a secondary cylindrical hohlraum to a dense
plasma state. An axi-symmetric plasma column with a free-electron density of up to 8 � 1021 cm�3, a
temperature of T � 10 eV, and an average ionization degree of Z � 3 is generated. This plasma stays in
a dense and an almost uniform state for about 5 ns. Ultimately, such targets are supposed to be used
in experiments where a heavy ion beam is launched through the sample plasma, and the ion energy
losses as well as the charge distributions are to be measured. The present paper is in a certain sense a
symbiotic one, where the theoretical analysis and the experimental results are combined to investigate
the basic properties and the prospects of this type of plasma targets.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The knowledge of the energy deposition by fast ions in a plasma
is a key issue for the inertial confinement fusion (ICF) research,
particularly for simulations of the a-particle heating, for the
assessment of heavy ions as a potential driver (HIF) [1,2], and for
the fast ignition (FI) [3] concept with ion beams. The stopping of
heavy projectiles, traveling through ionized matter, depends
strongly on its temperature, density and on its ionization degree.

Most experiments carried out in the past investigated the inter-
action of ions with an ideal, fully ionized plasma. First attempts in
the 1990s used gas and Z-pinch discharges [4–7] to create fully
ionized hydrogen plasmas. However, being generated from the
gas phase, these plasmas have limited free electron densities
ne � 1019 cm�3 and relatively low temperatures of 2–3 eV. Much
hotter, denser and almost fully ionized plasmas were achieved by
direct irradiation of solid targets (like thin planar foils) with
intense laser pulses [8,9]. These laser plasmas are typically
spatially and temporally inhomogeneous because of a strongly
non-uniform intensity distribution across the focal spot, and
because of strong density and temperature variation between the
rapidly expanding dilute undercritical corona and the dense over-
critical region. The homogeneity can be improved to a certain
degree by applying laser beam smoothing techniques like the use
of random phase plates (RPP) or induced spatial incoherence
(ISI), and by using frequency doubled or tripled laser light [10–
12]. Nevertheless, as the laser energy is mainly deposited in the
plasma corona up to the critical density, these plasmas are of
relatively high temperature, typically ranging from 100 eV to
250 eV and with densities of ne � 5 � 1020 cm�3. This corresponds
to an ideal plasma with C� 1, where C is the electron–electron
coupling parameter1 defined as
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Fig. 1. Schematic of the experimental setup with the double hohlraum target, the ion beam and the diagnostics. The ion beam is trimmed to 500 lm by an aperture before
entering the hohlraum; it is bunched in 3 ns long (FWHM) pulses coming every 9 ns. The delayed ion bunches are detected after a 12 m time of flight distance either in a stop
detector or a charge state spectrometer. The hohlraum radiation is measured by an X-ray streak spectrometer, the free electron density and the plasma expansion by a multi-
frame interferometry.
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In the regime of partially ionized and moderately coupled2 plas-
mas, hardly any experimental data for ion energy loss exists because
of the difficulty to maintain such a plasma state for a sufficiently
long time (> 4 ns). A few attempts have been made to compress
and ionize the initial gas by a strong shock, generated by either an
electromagnetic shock tube [13] or by an explosive-driven flyer plate
[14]. The achieved electron densities of ne � 5 � 1019 cm�3 and
plasma temperatures of 1–2 eV result in rather low ionization states
and the values 0:4 < C < 1:5 [15].

An appealing method to create a more uniform plasma state at
intermediate temperatures and high densities is to apply volumet-
ric heating of a solid sample with soft X-ray radiation [16,17]. For
this method an intense laser pulse is used to generate a high-Z
plasma, which serves as a strong source of X-rays [18]. If this
source is placed inside a cavity made of high-Z material, the radi-
ation gets confined because it indirectly heats the total inner wall
of the cavity which then itself becomes a strong emitter of thermal
soft X-ray radiation [19–22]. The absorbed and reemitted radiation
establishes a spatially uniform temperature distribution in the cav-
ity and serves as an intense, isotropic soft X-ray source with a
quasi-thermal spectral distribution. By placing a sample material
inside such a thermalized hohlraum the plasma is inertially and
thermally confined, as hydrodynamic expansion is limited and
the radiative cooling is suppressed.

However, because direct interaction of the laser radiation with
the sample material has to be avoided, and since the target geom-
etry needs to be adapted to be probed with an ion beam, such a
hohlraum must consist of at least two chambers: one primary cav-
ity for the absorption of the laser light and its conversion into an
intense X-ray source, and a secondary chamber containing the
sample material and shielding it against primary radiation (laser
and hot-spot-radiation). For our double hohlraum we use a spher-
ical cavity for the conversion of the laser light, and a cylindrical
hohlraum aligned parallel to the ion beam axis to house a carbon
foil sample.

First experimental investigations [23,24] of the properties of
double hohlraums turned out to be insufficient for adequate
understanding of these complex targets and theoretical simula-
tions had to be added. In the following, the detailed experimental
and theoretical results are presented. The investigated targets are
2 Under ‘‘moderately coupled’’ we understand plasmas with coupling parameters
in the range 0:1 < C � 1.
supposed to be used in future experiments, which should for the
first time allow to study interaction of fast ion beams with a
non-ideal plasma. These investigations will be the next step to
advance into the regime of non-linear ion stopping, where complex
beam-plasma coupling effects are expected [25–27].
2. Experimental methods

2.1. General concept

All the experiments (both accomplished and planned) discussed
in this paper are carried out at the GSI Helmholtz center for heavy
ion research in Darmstadt, Germany, where a unique possibility
exists to combine a heavy ion beam with a high power laser. Here
the ion beam, delivered by the UNILAC accelerator, and the high-
energy nanosecond pulse option of the PHELIX laser [28] are used.
The experimental setup is shown in Fig. 1. The laser beam is
focused into a submillimeter spherical cavity, where it creates a
hot plasma which serves as a primary X-ray source. This radiation
heats up the secondary cylindrical hohlraum, where the sample
material in the form of two thin carbon foils is placed. Both cavities
are made of gold to achieve high conversion efficiency and an effi-
cient radiation confinement. The two carbon foils, attached on
either side of the secondary hohlraum, turn into a dense plasma
column along the ion beam axis. This plasma is then probed by a
bunched heavy ion beam. The ions interact with the plasma and
lose a certain fraction of their energy. This energy loss is measured
by detecting the delayed arrival of the ion bunch after a time-of-
flight distance. In addition, the charge state distribution can be
measured with a magnetic dipole spectrometer. Both measure-
ments are carried out as time resolved. For this kind of measure-
ments, it is of crucial importance that the interaction path of the
ion beam stays free from gold ablated from the inner hohlraum
walls for at least the duration of one ion bunch.
2.2. Target geometry

The target geometry is shown in Fig. 2. The laser light enters
through the 300 lm diameter laser entrance hole into the primary
hohlraum sphere with a diameter of 600 lm. The primary X-rays
heat the secondary hohlraum through a second hole of 300 lm
in diameter. The cylindrical secondary hohlraum has a diameter
of 1000 lm and a length of 950 lm. The apertures for the ion beam
are 800 lm. Extra shielding on the top and back sides is added to
keep the ion interaction path free from debris of the rapidly



Fig. 2. Geometry and dimensions of the double hohlraum target consisting of a
primary spherical cavity and a secondary cylindrical hohlraum. Shielding is added
on the top and the front to keep debris out of the ion beam path. Two thin carbon
foils are attached at each side of the cylinder.

Fig. 3. Different steps of target fabrication. The moulding blanks are electroplated
with a thin gold layer and then etched out. The holes, the shieldings and the carbon
foils are cut out with a laser. All parts are built together under a microscope using
micro assembling stages.
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expanding primary cavity. Two thin carbon foils, each with an areal
density of 100 lg=cm2, are attached on both sides of the cylinder.
2.3. Experimental parameters and diagnostics

The primary hohlraum is heated by a 150 J laser pulse of dura-
tion 1:2 ns at a 527 nm laser wavelength. The radiation tempera-
tures in the primary and secondary hohlraum are both measured
by a streaked X-ray spectrometer through an additional 150 lm
diagnostic hole in the hohlraum wall. In the previous experiments,
the primary spherical cavity was additionally characterized with
an absolutely calibrated diode spectrometer and a time-integrating
XUV spectrometer [23]. The electron density of the outflowing car-
bon plasma is measured time-resolved with a Nomarski multi-
frame interferometer [29], which is also used as shadowgraphy
to characterize the hydrodynamic expansion of the gold.

To confirm that the ablated gold does not influence the ion
beam, an empty hohlraum was probed by a calcium ion beam.
After a time-of-flight distance of 12 m, the probe beam is stopped
in a specially developed polycrystalline CVD diamond detector
[30], which allows time resolved measurements of the ion-beam
intensity over more than 50 ls. The ion beam first passes through
a 500 lm aperture, then through the hohlraum cylinder, and is
finally focused onto the stop or charge state detector. The heavy
ion beam from the UNILAC accelerator has a bunch frequency of
108 MHz, which results in an ion signal every 9 ns registered by
the detector. Each of these ion bunches has a width of 3 ns at
FWHM. This pulse length determines the minimum measurement
time needed to probe the plasma state. The hohlraum target is
designed in such a way that the carbon plasma is maintained for
at least 5 ns for the measurements, before it gets disturbed by
the gold from the walls. The temporal position of every ion bunch
can be determined to an accuracy better than 0.1 ns by fitting the
detector signals and determining their centroids.
2.4. Target fabrication

The hohlraum targets are manufactured in the Target
Laboratory at Technische Universität Darmstadt. First, positive
blanks of either brass or steel are formed by micro-chipping and
then electroplated with a 15 lm gold layer. Then, the necessary
holes are cut into the gold wall with a laser cutter and the blanks
are etched out. The shieldings are directly cut out from 25 lm thick
gold foils and the sample material from 500 nm thick carbon foils.
Finally all parts are assembled with the help of micro positioning
stages under a microscope. All components can be fabricated and
positioned with an accuracy of �5 lm. The main fabrication steps
and the final targets are shown in Fig. 3.
3. Theoretical methods: the RALEF-2D code

Both the primary spherical and the secondary cylindrical
hohlraums have been extensively studied by means of 2D
hydrodynamic simulations. All the results, presented below, were
obtained with the radiation-hydrodynamics code RALEF-2D
(Radiative Arbitrary Lagrangian–Eulerian Fluid dynamics in two
Dimensions) [31], whose hydrodynamics part is based on an
updated version of the CAVEAT hydrodynamics package [32]. The
one-fluid one-temperature hydrodynamic equations are solved in
two spatial dimensions (in either Cartesian x; y or axisymmetric
r; z coordinates) on a multi-block structured quadrilateral grid by
a second-order Godunov-type numerical scheme. Mesh rezoning
and remapping is performed within the Arbitrary Lagrangiane
Eulerian (ALE) approach to numerical hydrodynamics. The code
includes thermal conduction and, most importantly, energy trans-
port by thermal radiation in its description of laser-generated plas-
mas. For this purpose, the 2D hydrodynamics package is coupled
with the numerical solution of the equation of spectral radiation
transfer in a quasi-static approximation (i.e. with the time deriva-
tive of the radiation intensity Im ignored). In each spectral group,
the radiation transfer equation is solved by combining the method
of short characteristics with the SN angular quadrature. The simu-
lations discussed below have been performed with SN ¼ S12 and 24
spectral groups. The equation of state, thermal conductivity, and
spectral opacities used in these simulations were provided by the
THERMOS code [33]. Some additional information on the RALEF-
2D code can be found in [31,17].



Fig. 5. Normalized temporal profile of the laser power used to heat the spherical
gold cavity. In the simulations the temporal shape was approximated by a
trapezoid.
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4. Primary hohlraum: X-ray conversion and plasma closure

The optimal configuration of the primary spherical hohlraum is
determined by a trade-off between the following requirements. On
the one hand, the hohlraum size and the diameter of the entrance
hole should be sufficiently large, so that the plasma closure does
not cut the laser pulse before its energy is completely deposited
inside the hohlraum. On the other hand, they have to be as small
as possible to minimize radiation losses and achieve a high tem-
perature inside the hohlraum cavity. To obtain the most efficient
conversion from laser light into X-rays, the hohlraum parameters
should be carefully adapted to such laser parameters as the wave-
length, pulse duration and focus diameter.

Various sphere diameters and hole sizes have been experimen-
tally investigated in the past. The final design, presented in this
paper, is based on the best compromise found in the experiments
and confirmed by numerical simulations.

In the experiment the radiation emitted through a small diag-
nostic hole of 150 lm is measured time and spectrally resolved
with an XUV grating and X-ray streak camera behind. To determine
a corresponding radiation temperature Tr , the shapes of the
obtained spectra were fitted for each time step with a Planckian
curve. These temperature values were then used to get a temporal
evolution and the maximum of the radiation temperature inside
the primary hohlraum. The results of this measurement are shown
in Fig. 4d together with the results from simulations. The measure-
ments reveal a maximum radiation temperature in the primary
spherical hohlraum of ð98 � 5Þ eV. This value agrees well with
common scaling laws for spherical cavities [34,35] which predict
� 100 eV. A detailed discussion of the experimental methods for
the radiation temperature measurement was recently published
separately by the authors [23,36,24].

In the numerical simulations, the temporal profile of the laser
pulse was approximated by a trapezoid, and the transverse spatial
profile of the intensity was assumed to be Gaussian
(FWHM = 100 lm). The temporal profile of the experimental laser
pulse and its approximation for simulations are shown in Fig. 5. In
Fig. 4. Color contour plots of (a) the deposited laser power q superimposed on the free
filling up the laser entrance hole, stays undercritical over the entire duration of the las
spectrometers placed at 90� and 45�. (d) Temporal evolution of the radiation temperatur
and experimental spectra at 90�.
the simulation, the light enters through the 300 lm laser entrance
hole, and the emitted X-rays are registered through a 150 lm
diagnostic hole by two imaginary spectrometers, positioned at
angles 90� and 45� relative to the laser axis — as indicated in
Fig. 6. The laser beam is assumed to be parallel without any spatial
divergence because of the large focal length of 4 m of the lens used
in the experiment, which corresponds to a Rayleigh length of above
1 mm.

It should be noted here that a spherical hohlraum with two mis-
aligned holes is essentially a three-dimensional configuration. To
simulate it with a 2D code, we had to replace the sphere with a cyl-
inder of the same radius, and perform rescaling of the laser energy
in such a way as to preserve as close correspondence with the 3D
case as possible. The details of the employed rescaling procedure
are described in Ref. [17].

Fig. 4a shows how the laser power q is absorbed inside the pri-
mary hohlraum, first at t ¼ 0:3 ns by the gold wall and later at
t ¼ 0:9 ns in the gold plasma which fills up the cavity. The free
electron density of the expanding gold plasma along the laser
entrance channel varies within the range ne ¼ 1019 � 1021 cm�3

over the first 1:2 ns. Because the critical density for k ¼ 527 nm
is nc ¼ 4 � 1021 cm�3, the plasma remains undercritical for the
electron density, (b) the radiation temperature Tr inside the hohlraum. The plasma,
er pulse 1.2 ns. (c) Calculated spectra as would have been observed by imaginary
e in the center of the hohlraum compared with the Planckian fits to the theoretical



Fig. 6. Simulation setup for the primary hohlraum with two holes: one for the laser
entrance, and the other for diagnostics. The emitted spectrum is recorded with two
imaginary spectrometers at 90� and 45�.
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entire pulse duration and the laser deposits its energy deep inside
the hohlraum cavity without being reflected.

Fig. 4b shows contour plots of the radiation temperature Tr in
the cavity at 0:6 ns, when the laser power reaches its maximum,
and at 1:2 ns just after the laser is turned off. As the laser hits
the gold wall, a hot spot is created. After a few hundred
picoseconds the hohlraum thermalizes and a smooth radiation
temperature distribution is reached. The spectral power Fm

[GW cm�1 sr�1 keV�1], registered by two imaginary detectors at
90� and at 45�, is obtained by integrating the spectral intensity
along an imaginary observation slit perpendicular to the corre-
sponding line of sight. Thereby, the 90� detector measures the ther-
mal spectrum emerging from the hohlraum wall section, which is
not directly illuminated by the laser. In contrast, the 45� detector
looks directly into the hot plasma plume and detects strong line
emission from the gold plasma corona in hard X-rays between
2.5 keV and 2.7 keV. The two corresponding lines of sight are indi-
cated with arrows in Fig. 6. Examples of the recorded spectra are
shown in Fig. 4c.

It is seen that the emitted spectrum splits up into a thermal
part, ranging from 0 keV to 2 keV, and a hard part dominated by
line emission (2–4 keV). In terms of total energy this hard part
plays a minor role because more than 90% of the emitted radiation
power is concentrated in the thermal part. This is easily verified by
comparing the integral over frequency, time and solid angle of the
thermal part with the same integration over the hard part.

Fig. 4d shows the temporal evolution of the radiation tempera-
ture. Shortly after the laser pulse is turned off at 1.2 ns the
radiation and matter temperature come close to equilibrium and
the hohlraum begins to cool down. However, due to the reheating
of the hohlraum center caused by the hydrodynamic flow, the radi-
ation temperature stabilizes between 2 ns and 5 ns at Tr � 80 eV.
Here the theoretical ‘‘bolometric’’ radiation temperature Tr in the
Fig. 7. (a) Contour plot of the radiation temperature inside the secondary hohlraum at
hohlraum.
hohlraum center is compared to the temperatures obtained from
the Planckian fits to the theoretical 90� spectra, and to the experi-
mental results measured at the same angle. The discrepancy
between the ‘‘bolometric’’ temperature Tr and the Planckian fits
can be explained by the method of calculating Tr , which is defined
in terms of the full integral,

Tr ¼
1

4r

Z 1

0
dm
Z

4p
ImðXÞdX

� �1=4

; ð2Þ

of the calculated spectral intensity Im over all the frequencies m and
all the angles X; here r is the Stefan–Boltzmann constant. In con-
trast, the Planckian fits represent the color temperature of the soft
thermal part of the emitted X-ray spectrum, and in our case it is
these values which allow direct comparison between the
experiment and simulations. As can be seen in Fig. 4d, the measured
values are in fairly good agreement with those obtained in simula-
tions. Note that here no perfect agreement can be expected simply
because the simulated 2D problem is not fully equivalent to the
essentially 3D experimental arrangement.

In conclusion, the simulations for the given geometry of the
primary hohlraum predict that the plasma closure is sufficiently
slow to allow full laser energy deposition inside the cavity. The
simulations are validated by precise experimental measurements
of the emitted radiation spectra. Further details on these simula-
tions, especially on the numerics and the simulation setup, can
be found in [37].

5. Secondary hohlraum empty: blowoff of the gold walls

The secondary cylindrical hohlraum is used to generate a
plasma column along the propagating ion beam by means of soft
X-ray heating. For precise measurements it is crucial that fast ions
interact with a pure carbon-plasma channel, which is not
contaminated by gold ablated from the hohlraum walls. Hence,
the blowoff of the gold walls has to be controlled experimentally
and adequately modeled in simulations.

As already mentioned, the ion beam has a diameter of 500 lm,
the minimum probing time is about 3 ns, and the time window
within which the probing channel should stay free of gold is about
5 ns. To determine the best target geometry, multiple simulations
with different cylinder diameters where carried out. The minimum
diameter to guarantee this specification was found to be 1000 lm.
Experimentally, the influence of the gold plasma on the ion beam
was measured by heating up an empty hohlraum with full laser
energy and probing it with the ion beam. If the ion beam gets dis-
turbed by the gold plasma from the walls, a clear signature can be
seen in the ion beam signal recorded at the stop detector.

The radiation temperature of the secondary hohlraum is again
recorded time resolved by an X-ray streak camera behind a
spectrometer. The maximum radiation temperature measured in
the secondary hohlraum is (33 ± 2) eV. The measured temporal
evolution of the radiation temperature, shown in Fig. 7b, is in good
t ¼ 3:5 ns. (b) Temporal evolution of the radiation temperature in the secondary
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agreement with the simulated results discussed below. The
detailed experimental methods and radiation measurements for
various hohlraum geometries are to be published elsewhere [38].

In the simulations, the cylindrical hohlraum is heated by a black-
body spectrum, applied as a boundary condition on the incoming
radiation intensity Im along the entrance hole of 300 lm in diameter
at the top of the cylinder. The temporal profile of the incoming
radiation temperature is directly given by the experimentally mea-
sured output profile of the primary hohlraum as shown in Fig. 4d.
To characterize the emitted spectra, an imaginary spectrometer
with the line of sight along the cylinder axis is used.

As an example, Fig. 7a shows the 2D distribution of the ‘‘bolo-
metric’’ radiation temperature inside the secondary hohlraum at
t ¼ 3:5 ns. The radiation is distributed quite uniformly, and the
sample material, attached to the end of the cylinder, should be
heated fairly uniformly as well. In Fig. 7b the simulated radiation
temperature in the hohlraum center is compared with the
temperature obtained by fitting the simulated spectra. The above
discussion about the difference between the two curves applies
to the secondary hohlraum as well. The radiation temperature
reaches a maximum of Tr ¼ 32 eV at t � 2 ns. After this the hohl-
raum gradually cools down but stays for about 5 ns above 15 eV.
This must ensure a uniform heating of the sample plasma over
the entire probing period.

Fig. 8a shows a contour plot of the free electron density at
t ¼ 5 ns. The solid black contour line indicates the intersection to
an electron density below ne < 1017 cm�3 (which originates from
the initial fill of the presumably empty secondary hohlraum with
the low-density gold vapor). The inner wall surface expands with
an average velocity of 60 lm/ns towards the cylinder axis. The gold
plasma reaches the ion beam channel after 5 ns. This time should
be somewhat extended when the carbon plasma is added because
the expanding carbon plasma pushes back and slows down the
gold expansion.

The plasma closure of the secondary hohlraum is determined by
probing an empty hohlraum at a full laser power shot with 48Ca17+

ions with an energy of 3.5 MeV/u = 168 MeV. For a systematic
characterization, the laser ion beam delay is varied between 0 ns
and 9 ns. The results of these measurements in terms of a delayed
arrival of the ion bunch are shown in Fig. 8b. The shaded area
indicates the time window of 5 ns that should stay free of gold
for clean energy loss and charge state measurements. Within the
accuracy of the detector, no significant disturbance in the time
window of interest could be detected. As a consequence, we can
assume that the hohlraum center on the ion beam axis stays free
of gold as predicted by the simulations.

Time resolved shadowgraphic and interferometric imaging of
the plasma flow in the double hohlraum target has shown that
the plasma from the primary hohlraum expands very fast. First
ablation of gold plasma on the back side of the primary hohlraum
Fig. 8. (a) Contour plot of the free electron density of the gold walls inside the secondary
hohlraum without laser (blue: reference) and with laser at full energy shot conditions (r
interpretation of the references to color in this figure legend, the reader is referred to th
wall, where the laser hot spot burn through appears after 3.5 ns. To
prevent possible disturbance from debris of the exploding primary
hohlraum, which is blown into the ion beam path, additional
shielding is attached on the top and the back of the target as indi-
cated in Figs. 2 and 3.

6. Secondary hohlraum with carbon fill: evolution and
parameters of the sample plasma

To be able to compare the measured ion energy losses with the-
oretical predictions, it is important to know the plasma parameters
along the ion trajectories. Beside the projectile energy and charge
state, theoretical models need as an input the density, temperature
and ionization degree of the sample plasma [39].

Experimental determination of these quantities in a dense
plasma of submillimeter size is a challenging task, and especially
so because the plasma properties inside the hohlraum are difficult
to access. Common spectroscopic methods to determine the tem-
perature and the ionization degree can not be applied because
the line emission of the carbon plasma is completely dominated
by the background thermal radiation. Also, plasma interferometry
usually used for electron density measurements is limited by the
high density and strong gradients. Furthermore, the interferometry
as well as shadowgraphy are not able to measure density distribu-
tions inside the hohlraum due to the opaqueness of the high-Z wall
material. Thus, to get adequate information on the sample carbon
plasma, one has to rely on simulations which are benchmarked by
experimental measurements.

The simulation setup for the carbon filled secondary hohlraum
is the same as for the empty one but with two additional thin car-
bon foils attached to each end of the cylinder (see Fig. 2a). To speed
up the simulation, the carbon foils used in the experiment with an
initial density of 1:8 g=cm3 and a thickness of 500 nm were mod-
eled with carbon foils of twice the thickness but half the density,
so that the areal density of the real and simulated foil remains
the same (� 100 lg=cm2).

As an illustration, Fig. 9a shows a contour plot of the free elec-
tron density at t ¼ 3:5 ns. It is seen that the spatial variations in
the transverse (with respect to the ion beam) direction are small,
so that each projectile ion within the beam aperture sees the same
plasma states. The variation of the plasma parameters like temper-
ature, density and ionization across the ion beam profile is less
than < 5%. This is of major importance because the energy loss
and the charge distribution are measured by detectors which inte-
grate over the whole beam diameter. The advantage of using a
hohlraum for creation of quasi-uniform plasma states is stipulated
by the fact that the plasma is inertially and thermally confined by
the hohlraum walls, which allows to maintain its state for several
nanoseconds. This is highlighted in Fig. 9b, where the electron den-
sity is plotted as a function of the areal density and time. Most of
hohlraum at t ¼ 5 ns. (b) Measured time delay of the ion beam probing the empty
ed: shot). First influence of the gold plasma on the ion beam appears after 5 ns. (For
e web version of this article.)



Fig. 9. (a) Color contour plot of the free electron density distribution at t ¼ 3:5 ns.
(b) Evolution of the electron density over time as a function of the areal density. (c)
Lineouts of the plasma parameters plotted over the areal density at t ¼ 2:5 ns.

Fig. 10. (a) Interferometricaly measured and simulated spatial profiles of the free electr
Experimentally measured and simulated expansion velocity of the carbon plasma.
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the matter (> 80%) stays at high densities above 1 � 1021 cm�3

for more than 5 ns. Contrary to a directly heated laser plasma, no
hot and rapidly expanding corona exists. The sample material is
volumetrically heated with strong gradients at the edges. However,
a closer inspection of the transversal profile of the plasma param-
eters, shown in Fig. 9c, reveals that the projectile passes through a
variety of plasma states. Especially the temperature and the ioniza-
tion degree show significant variation between the cold dense
outer parts and the dilute but hot plasma in the hohlraum center.
The maximum free electron density of 8 � 1021 cm�3 is achieved
at 2 ns. Integrating the electron density over the ion trajectory
and taking the time average between 2 ns and 5 ns, we calculate
a mean line density of

R
nedl � 4 � 1020 cm�2, where the line

density varies between 2 � 1020 cm�2 at t ¼ 2 ns to
5 � 1020cm�2 at t ¼ 5 ns. The plasma coupling parameter is
calculated by using Eq. (1). More than 80% of the plasma is in a
moderately coupled state with 0:1 < C < 0:6.

Experimentally, the carbon plasma flowing out of the secondary
hohlraum was investigated with a combined multiframe
interferometry, which allowed to record a series of 4 images within
6 ns, each image being separated by 2 ns and time integrated over
0:5 ns. The plasma was probed by a frequency tripled laser at
355 nm, which could theoretically allow measurements of the free
electron density up to the critical density of nc ¼ 8:8 � 1021 cm�3.
However, due to strong deflection of the probe beam at steep
density gradients, almost no fringes could be detected above the
electron density of 1 � 1020 cm�3. The resulting interferograms
serve rather as shadowgrams, where the opaque region represents
the expanding plasma cloud.

Before t ¼ 5 ns no information about the free electron density
could be extracted. After that time the gradients of the outer part of
the expanding plasma are flattening out and enough fringes appear
for a reliable calculation of the free electron density. As an illustra-
tion, Fig. 10a shows the experimental results for t ¼ 5:4 ns, which
are in good agreement with the simulated density profile. The dis-
tance indicated is measured from the carbon foil surface.

The displacement of the edge of the shadow over time can be
used to determine the expansion velocity of the plasma. Fig. 10b
plots the time dependence of this displacement together with the
theoretical displacement of the ne ¼ 1 � 1020 cm�3 front,
obtained from the RALEF simulation. Both the total displacement
in micrometers and the evaluated expansion velocity of
vexp ¼ ð70 � 15Þ km=s agree fairly well with the corresponding
values [vsim ¼ ð60 � 2Þ km=s] obtained from the simulation.

On the whole, we observe that the experimental measurements
of the outer part of the carbon plasma cloud are in a good accord
with the RALEF simulations. This justifies our assumption that
the RALEF code should also adequately reproduce the plasma con-
ditions inside the secondary hohlraum, and that the simulated
plasma parameters could be used for further theoretical estimates
on density at t ¼ 5:4 ns. The distance is measured from the carbon foil surface. (b)
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of the energy loss and charge states of fast ions passing through the
sample plasma.
7. Conclusion

We presented the results on a new double hohlraum target for
generation of dense, partly ionized, non-ideal and moderately cou-
pled plasmas (0:1 < C < 1). The hohlraum target and the generated
carbon plasma are well described by simulations that have been
confirmed by experimental measurements. A quasi-thermal X-
ray radiation with an effective temperature of Tr � 30 eV heats
two solid carbon foils to a plasma state with the temperature
between T ¼ 5 eV and 15 eV, and the free electron density in
the range ð1� 5Þ � 1021 cm�3 — with the peak value reaching
8 � 1021 cm�3. The partially ionized carbon plasma has an ioniza-
tion degree of 3:2–3:8. The interaction path of the ion beam stays
free of gold for about 5 ns. This has been shown by simulations
and confirmed by ion beam measurements.

The generation of a millimeter sized moderately coupled
plasma by means of indirect laser heating allows to enter a new
regime of interaction of fast heavy ions with plasmas, for which
no experimental data exist so far. In particular, these targets are
currently used in experiments at GSI, Darmstadt to measure pre-
cisely the energy loss and the charge state distribution of heavy
ion beams after passing through such a plasma [40].

These targets might further be used for new types of ion stop-
ping experiments, like stopping of slow ions near the maximum
of the stopping power [41], or stopping of laser accelerated ions
[42]. Another application might be to use them as millimeter sized
single-shot plasma lenses.
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