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The first observation of the K-shell photoabsorption edge of strongly coupled matter with an ion-ion

coupling parameter of about 65 generated by intense x-ray radiation-driven shocks is reported. The soft

x-ray radiation generated by laser interaction with a ‘‘dog bone’’ high-Z hohlraum is used to ablate two

thick CH layers, which cover a KCl sample, to create symmetrical inward shocks. While the two shocks

impact at the central KCl sample, a highly compressed KCl is obtained with a density of 3–5 times solid

density and a temperature of about 2–4 eV. The photoabsorption spectra of chlorine near the K-shell edge

are measured with a crystal spectrometer using a short x-ray backlighter. The redshift of the K edge up to

11.7 eV and broadening of 15.2 eV are obtained for the maximum compression. A comparison of the

measured redshifts and broadenings with dense plasma calculations are made, and it indicates potential

improvements in the theoretical description.
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Warm dense matter (WDM) that is near or above the
solid density and by a temperature of up to to 100 eVexists
in large varieties of systems such as astrophysics objects
and an imploded capsule of inertial confinement fusion.
Over the past decades, there has been increased interest in
understanding the properties of WDM [1–3], and great
progress on both theoretical and experimental studies of
the properties has been made. However, a challenge of
these studies is to understand the properties of highly
compressed WDM with a large ion-ion coupling parame-
ter, as required in planetary interiors [4] and inertial con-
finement fusion [5]. Thus, it is crucial to create in a
laboratory strongly coupled matter with high density and
to take characteristic measurements of the dense matter.
Different from the standard property measurements,
including the equation of state along the Hugoniot [6],
reflectivity, and conductivity [7], x-ray absorption can
provide direct information about the density, temperature,
electronic, and ionic structures of dense matter. Therefore,
obtaining detailed measurements of x-ray absorption
spectra, especially near the absorption edge of highly
compressed matter, is very appealing.

With the advent of the high-power laser, laser-driven
shocks have been used to generate high-compression
WDM with pressure over 10 Mbar [8], and a few experi-
ments on the x-ray absorption of warm dense matter have
been carried out in recent years. Bradley [9] made the first
measurement of the shift in position of the K-shell absorp-
tion edge in a laser-heated and -shocked KCl material to
demonstrate the pressure ionization that was due to high
density. In this experiment, the KCl sample was radiatively

preheated and then shock compressed to a state of about
3 times solid density (6:2 g=cm3 and 19 eV). (As is well
known, the maximum compression ratio that can be
achieved with a single shock wave is about 4 [10]). In
order to take x-ray absorption spectrum measurements
under higher compression, following Bradley’s experiment
great efforts were made on the aluminum sample to
increase the density. In Hall’s experiment, laser-driven
colliding shocks were used to compress an aluminum
sample [11]. Short-range order within the compressed
plasma has been observed by means of the extended
x-ray absorption fine-structure spectrum of the aluminum
K absorption edge. Benuzzi-Mounaix put a diamond layer
on the back of an aluminum sample as a tamper to form
reshocks in the sample as the laser-driven shock reached
the Al-diamond interface [12]. Reshocked aluminum con-
ditions up to 3 times solid density and at temperatures
around 8 eV have been obtained. The electronic structure
evolution of this highly compressed aluminum has been
investigated using time-resolved K-edge x-ray absorption
spectroscopy. Regan adopted temporally shaped laser
ablation to compress an aluminum sample [13]. A highly
compressed Fermi-degenerated plasma has been created.
A density of about 11 g=cm3 (�4�0) and a temperature of
20 eV for aluminum plasma have been obtained, and the
ion-ion coupling parameter reached about 10. However,
in almost all of the experiments, the laser irradiated the
tamped target directly to compress the sample. Hard
x-ray radiation and energetic electrons from the corona
of laser-produced plasmas, which increased with the laser
intensity, preheated the sample before the shock-wave
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compression occurred and reduced the compressibility of
the sample [14]. Therefore, until now, the density of the
compressed sample was not over 4 times that of solid
density in these x-ray absorption spectrum experiments.

In this Letter, the measurements of the K edge of Fermi-
degenerated KCl are the first ones obtained at densities up
to 5 times solid density with a low temperature around
4 eV. For the generation of this state, unexplored up to now,
near-Plank x-ray radiation-driven shocks instead of laser-
driven shocks were adopted to take the colliding shock
compression. By using a ‘‘dog bone’’ hohlraum, the sam-
ple was shielded from the laser-hitting point to stop the
M-band x ray and energetic electrons from the corona
preheating the sample, and thus, the compressibility was
enhanced. Using a short laser interaction with a bismuth
target as a backlighter, the K-edge variations of the KCl
sample under the colliding shock conditions were mea-
sured to study the electronic structure in comparison with a
plasma model.

The experiment was performed at the Shenguang-II
Laser facility [15,16]. A schematic of the experimental
setup is shown in Fig. 1(a). A dog bone gold hohlraum
was used as an x-ray converter. Eight frequency-tripled
laser beams (� ¼ 0:35 �m, 260 J in 1 ns for each laser
beam) were injected into the hohlraum from two laser
entrance holes (LEHs). The laser lights (hereafter referred
to as the ‘‘heating laser’’) were effectively converted into
the near-Planck x-ray radiation. A half-sample sandwich
target located in the center of the cylindrical part was
used to accomplish simultaneous measurements of the
backlighting spectrum and the absorption spectrum in
one shot, as shown in Fig. 1(b). The sample was composed
of a central KCl sample layer with a thickness of 5 �m and
a density of 2:0 g=cm3 and two plastic ablators on both
sides. The thickness and density of the plastic ablator was
38 �m and 1:0 g=cm3, respectively.

The near-Plank radiation ablated the CH ablators from
both sides to launch symmetrical inward shocks. While the

two shocks simultaneously propagated into the KCl layer
and collided at the center, a high maximum compression
state of the sample was created. The covered CH thickness
was chosen by considering the following: First, had to be
thick enough to stop the x-ray radiation from burning
through the CH ablator and avoid radiative heating of the
central KCl sample. Second, the time-resolving measure-
ments required that the CH thickness fit in order to keep the
KCl sample in a high-density state for a relatively long
duration compared with the duration of the x-ray back-
lighter. Third, as the two CH layers significantly attenuated
the backlighter x-ray near the absorption edge, the thick-
ness of the CH layer also depended on the sensitivity of the
crystal spectrometer and the x-ray intensity of the back-
lighter. Thus, the CH thickness was set at an appropriate
value of 38 �m in this experiment. By using the D-shaped
cavity, the central target was invisible to the laser-hitting
point, and therefore, it stopped the M-band x rays from
preheating and scattered laser lights ablating the sample
located in the center of the dog bone gold hohlraum.
Consequently, the KCl sample was compressed only by
the near-Planck x-ray radiation-driven shocks without
preheating.
The spectrally flat x-ray backlighting source was

obtained by focusing the ninth frequency-tripled laser
beam (130 J, 130 ps) onto a bismuth disk. A crystal
spectrometer consisting of a Bragg Tris(hydroxymethyl)

aminomethane ½HOCH2�3CNH2 plane crystal (2d ¼
8:78 �A) and an x-ray film as a recorder was used for the
time- and space-resolving spectral measurement, as the
x-ray backlighter was a short pulse and point x-ray source.
A CHCl filter positioned at the entrance slot of the crystal
spectrometer on the pure CH side of the sample was used to
produce a cold Cl K edge at 2821 eV on the backlighting
source spectrum region and acted as a wavelength refer-
ence [17]. As shown in Figs. 1(a) and 1(c), the recorded
spectrum mainly consisted of three portions along a space,
including the absorption spectrum of the cold CHCl filter,
the backlighting x-ray source spectrum, and the absorption
spectrum of the compressed KCl sample.
A soft x-ray spectrometer was used to monitor the

temporal process of the driving radiation from the LEH.
The measured peak temperature of the radiation was
105 eV. A view factor analysis of the illumination in the
D-shaped cavity showed that the peak radiation tempera-
ture of the near-Plank radiation at the sample was 90 eV,
which was lower than that measured from the LEH. The
modified temporal behavior of the radiation is shown in
Fig. 2(a), with a peak radiation temperature at 1.05 ns after
the heating laser irradiation. Then, using the modified
radiation as an x-ray source, the hydrodynamic process
of the CH=KCl=CH sample in the present experiment was
simulated by the MULTI code [18]. This procedure was
previously established by the temperature diagnostics in
the Fe plasma opacity experiment [16]. In that experiment,
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FIG. 1 (color online). (a) Schematic of the experimental setup.
(b) Half-sample sandwich target. (c) Typical spectral image.
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only the CH=FeAl=CH sample (instead of the present
CH=KCl=CH sample) in the dog bone cavity and the
temperature of the sample were measured by a crystal
spectrometer. The measured temperature was in good
agreement with the MULTI simulation using the modified
near-Plank radiation due to the specific dog bone cavity,
which confirmed the procedure. This allowed us to evalu-
ate the density � and the temperature T of the probed KCl
by coupling the modified radiation into the MULTI code.
The simulated results are shown in Figs. 2(b) and 2(c). The
temperature and density started to increase obviously at
2.05 ns and went to a maximum at 2.25 ns, which indicated
that the radiation-driven shocks collided at the center of the
KCl sample at 2.25 ns. Then, the temperature and density
gradually decreased as time went on. The ninth beam was
delayed to eight heating laser pulses at time delays of 2.38,
2.78, and 3.14 ns to obtain time-resolving measurements
along the shock conditions. Figure 2(c) shows the spatial
profile of the temperature and density of the KCl sample at
the three time delays. The density of the KCl sample was
almost spatially uniform and the temperature decreased
gradually from the center to the border of the KCl sample.

Using the experimental setup described above, space-
resolved absorption spectra were measured at the three
different time delays. A typical recording of the spectral
image is shown in Fig. 1(c). The three zones on the film
discussed above were labeled. Reference lines of Bi at
2854.4 eV [19] and a Cl K edge of the cold CHCl filter
at 2821 eV [17] were used to calibrate the spectral wave-
length. The spectral resolution of about 3 eV was estimated
from the cold CHCl K-edge spectrum measurement.

Figure 3 shows the K-edge absorption spectra of the
compressed KCl sample at the three time delays. Also
presented are the spectrum of the backlighting x-ray source
and the absorption spectrum of the unheated KCl sample.
The shifts and broadenings of the Cl K-shell absorption

edge for the compressed KCl sample are obvious and listed
in Table I. While the shocks collided at the center of the
KCl sample, theK edge had a maximum redshift and width
of 11.7 and 15.2 eV, respectively. Then, the shift and width
decreased along the unloading process.
Recently, a simple model was proposed for high-density

low-temperature WDM (Te � EF=4). In that model,
K-edge broadening revealed the thermal broadening of
the Fermi level [20]. The electron temperature could
even be deduced from a simple analytical fit of the
K-edge width by the Fermi-Dirac ‘‘vacancy’’ factor
[1� fð"Þ]. Here, by the slope fit of the measured x-ray
absorption K-edge broadening, the electron temperature
was inferred to be 4:0� 0:6 eV, 2:8� 0:5 eV, and 1:9�
0:4 eV at the different time delays, as listed in Table I and
presented in Fig. 2(b). It was shown that the experimental
temperatures at all three time delays were consistent with
the results of the simulations. The agreement confirms that
the broadening of the K-shell absorption edge was due
to the thermal depopulation of the energy levels below
the Fermi level in this compressed-state region.
The K-edge shifts were predicted by a plasma model

including three contributions as described in the previous
KCl experiment [9]. The first contribution 4Ik was the
change in the average K-shell ionization energy of an
isolated atom, and it was calculated with the flexible atomic
code [21], in which the average ionization was taken from
Thomas-Fermi model [22]. The second contribution 4Ecl

represented the continuum lowering due to the influence
of the neighbors and was approximately calculated by a
finite-temperature Thomas-Fermi model [23]. The third
contribution 4Edeg represented the partial degeneracy of

the free-electron states close to the ionization energy [24].
Figure 4(a) shows the three contributions and the total

K-edge shifts along the colliding shocked conditions. The
total K-shell edge shift mainly came from the competition
between the blueshift in the edge from the ionization effect
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FIG. 2 (color online). (a) The modified temporal behavior of
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and the redshift due to continuum lowering, while the
degenerate term was not significant in our experimental
condition. In Fig. 4(b), the density uncertainties due to the
probing time uncertainty, temporal and spatial profiles
during the probing window, and the radiation temperature
difference from shot to shot have been included in the
plotted error bars. Though the experimental observation
showed a general agreement with the simulated curve
along the colliding shocked conditions, the experimental
redshifts of theK-shell edge showed a slower increase with
density compared with the simulated curve, which was also
observed in Benuzzi-Mounaix’s experiment of aluminum
[12]. The discrepancy was perhaps because the average
ionization degree predicted by Thomas-Fermi model was
rough for this middle Z element in the plasma model
adopted here, and therefore the accuracy of the ionization
energy shift 4Ik and the continuum lowing 4Ecl was
somewhat affected.

To isolate the density effect, Fig. 4(b) also shows the
predicted total shifts of the K-shell absorption edge as a
function of density at temperatures of 0 and 5 eV. The two
curves show that the redshift increased with increasing
density and weakly depended on the temperature.
Therefore, the large shift obtained in our experiment indi-
cated that high-density and low-temperature states of the
compressed KCl were reached. Additionally, the redshift
of 3.7 eV in Bradley’s one-sided shock-compressed KCl
experiment (6:2 g=cm3, 19 eV) [9] is also plotted to high-
light the importance of our results that lie in an extreme
region unexplored up to now.
Compared with laser-driven shock compression, low

preheating and colliding shocks synchronization can be
easily realized using radiation-driven shocks and a sym-
metrical target design. The ion-ion coupling parameter
�ii ¼ ðZeÞ2=dkBT obtained here was around 65, while
the compression ratio reached 5 times. For widely inves-
tigated warm dense aluminum using the same target design
and near-Planck radiation as a driving x-ray source, the
hydrodynamic simulations predicted that the density could
increase up to 11 g=cm3 (�4�0) with a low temperature of
about 2.5 eV, which was also an unexplored state for
aluminum until now.
In summary, we performed time-resolved K-edge

absorption measurements of the KCl sample at the states
created by x-ray radiation-driven shock-colliding compres-
sion. An unexplored and extreme state of the plasma with
the maximum of 5 times solid density and a temperature of
about 4 eV (�ii � 65, with an average ionization of 4.5)
were reached. This method of compression is more advan-
tageous than laser-driven shocks for the generation of an
extreme compression state at a high coupling parameter.
The shifts and broadening of theK-shell absorption edge of
the highly compressed KCl have been obtained and com-
pared with the calculations of the plasma model. It was
confirmed that the broadening of the K-shell absorption
edge was due to the thermal depopulation of the energy
levels below the Fermi level in the compressed-state
region. The shift of the K-shell absorption edge increased
with increasing density but weakly depended on the tem-
perature. The experimental shifts were in general agree-
ment with the calculations of the plasma model along the
colliding shocked conditions. But more improvements
are desired to describe in detail the variation of the

TABLE I. The redshift and width of the K-absorption edge of the highly compressed KCl at different time delays and the cold KCl.
The temperatures and densities were obtained from the hydrodynamic simulations, and the temperatures in the brackets were deduced
from a Fermi-Dirac fit of the edge slope.

Cold Delay 2.38 ns Delay 2.78 ns Delay 3.14 ns

Positions 2821.3–2824.3 eV 2803.5–2818.7 eV 2807.8–2819.3 eV 2810.4–2818.2 eV

Shift 0 eV �11:7 eV �9:25 eV �7:6 eV
Width 3 eV 15.2 eV 11.5 eV 7.8 eV

Te 0 eV 4.0 eV (4:0� 0:6 eV) 2.8 eV (2:8� 0:5 eV) 2.2 eV (1:9� 0:4 eV)
Density 2:0 g=cm3 10:5 g=cm3 8:3 g=cm3 6:9 g=cm3
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FIG. 4 (color online). (a) Calculated total shifts of the K-shell
absorption edge and the three contributions as functions of the
density of the KCl sample compressed by the radiation-driven
colliding shocks using a plasma model. (b) Comparison of the
experimental K-edge shift results (solid pentacle represents our
results, purple circle represents Bradley’s result) with the calcu-
lation curve along the compressed state of the KCl sample in this
experiment based on the plasma model. Also presented are the
calculated shifts of the Cl K-shell absorption edge as a function
of the density for temperatures of 0 (blue dashed line) and 5 eV
(red dashed line).
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K-edge shifts as a function of the density. This work might
extend to the study of WDM to extreme conditions of high
compression.
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