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X-ray absorption spectroscopy is proposed as a method for studying the heating of solid-density matter excited by
secondary X-ray radiation from a relativistic laser-produced plasma. The method was developed and applied to
experiments involving thin silicon foils irradiated by 0.5-1.5 ps duration ultrahigh contrast laser pulses at inten-
sities between 0.5 x 10%° and 2.5 x 10?° W /cm?. The electron temperature of the material at the rear side of the
target is estimated to be in the range of 140-300 eV. The diagnostic approach enables the study of warm dense

matter states with low self-emissivity.
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1. INTRODUCTION

The investigation of high-temperature plasmas at near-solid
densities produced by powerful short laser pulses is pursued
to increase the fundamental understanding of atomic and
equations-of-state properties of material at high-energy density
[1,2] and for developing several important applications, such
as fast ignition of thermonuclear fusion targets [3-5] and
the creation of bright radiographic sources [6,7]. Petawatt (PW)
lasers with relativistic flux values efficiently generate electron
beams with energies up to hundreds of megaelectronvolts (MeV)
in solid-density targets. In turn, those fast electrons penetrate
the target to a depth of tens of micrometers, resulting in rapid
heating of the material. The temperatures the inner layers of
the target material reach depend on the target material, the
laser intensity, and the layer depth. In Refs. [8,9], for example,
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temperatures on the order of 220-450 eV were measured at
submicrometer depths, while in Ref. [10] values of T, ~
500 eV were obtained at depths of ~15 pm.

There is no comprehensive theory of solid target heating.
Until recently, it was believed that the main mechanism for
energy transfer from the relativistic electron beam to the solid
target was ohmic heating by return currents [11]. More recent
work reported by Sherlock ez al. [12] suggests that the colli-
sional damping of high-amplitude plasma waves excited by
the reladivistic electron beam can become the dominant heating
mechanism. Any comprehensive model needs to take into account,
for example, the resistive properties of the material [13], magnetic
field generated by plasma currents, small-scale filamentation of
electrons due to the Weibel instability [14], and the presence
of a laser prepulse. Extracting experimental measurements from
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high-energy-density matter, particularly when the temperatures
are low, i.e., in warm dense matter, is difficult, as the material is
typically opaque (even for X-ray radiation) and too cool to emit
in the X-ray regime. The most successful methods use layered
foil targets to combine materials of different atomic numbers
at the front and the rear sides and then analyze the self-
emission from the target rear [10]. Yet these targets are complex
due to resistivity changes at the interface between material
layers. Here we demonstrate X-ray absorption spectroscopy as
a powerful tool for exploring the warm dense matter state. The
method deals with homogeneous single-material targets in the
form of planar foils. As X-ray emission from the hot, laser-
irradiated material at the front of the target passes through the
remainder of target, it reveals the parameters of much less-
heated regions whose own emissivity is too low to be registered.
While temperature gradients in the sample may be expected to
complicate any quantitative analysis, we find that a simple two-
region model captures the essential features of the measured data.

2. CALCULATIONS OF THE ABSORPTION AND
EMISSION PROPERTIES OF PLASMA

The analysis methodology divides the target foil into two
layers—A and B—as shown in Fig. 1. Layer A is directly ex-
posed to the laser radiation and acquires a high bulk electron
temperature in the range of 500—-1000 eV for laser intensity on
the order of 10?° W /cm?. Absorbing plasma Layer B with a
thickness &y is located next to Layer A, but deeper in the target;
this layer has a lower electron temperature 7', 5. Two focusing
spectrometers with spatial resolution (FSSR) [15,16] are
arranged to detect the radiation emanating from the front
and the rear surfaces of the foil, as shown in Fig. 1. The first
spectrometer, indicated on the right-hand side in Fig. 1, records
the spectrum § /(1) emitted by Layer A from the front (laser-
irradiated surface) of the target, and the second spectrometer
(left-hand side in Fig. 1) records emission from the rear surface.

The rear-surface emission is the sum of the emission from
Layers A, which is partially absorbed in Layer B, and from
Layer B itself,

S,(A) = Sp(A) + Pa()Ss(4), U]

where Py (4) is the spectral transmittance of Layer B. In Eq. (1),
the emission contribution from Layer B to the front-side spec-
tra is neglected since the temperature of Layer B, and conse-
quently its emittance in X-rays, will be negligible compared
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Fig. 1. Experimental layout showing the division of single material
target split into Layers A and B and the location of the front and rear
spectrometers.
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Fig. 2. Spectral transmission Pg(4) calculated for different temper-
atures and constant plasma layer thickness of 4y = 10 pm.

to the emission from Layer A. In Eq. (1), the values S,(4)
and S¢(4) are directly measured, while Sg(4) and P(1) are
calculated using steady-state collisional-radiative kinetic atomic
physics. Only two input parameters, 7,5 and dp, are needed
for this calculation. As this approach uses an intense, short laser
pulse, the heating of Layer B is nearly isochoric (i.e., constant
volume) over the short timescale of its interaction with hot elec-
trons. Consequently, Layer B remains near solid density, with an
electron density determined by the temperature and the average
ion charge, which is calculated using a collisional-radiative
model. Thus, diagnosing the parameters of Layer B reduces
to finding 7', 5 and d by reaching the best fit to the measured
S,(4) from the collisional-radiative calculations and Eq. (1).

To produce synthetic spectra representing absorption in
Layer B, we use the PrismSPECT atomic kinetics and spectral
synthesis software [17]. The present model calculates collisional
ionization, recombination, excitation and deexcitation, photo-
recombination, radiative decay, dielectronic recombination, and
autoionization rates among 11,481 states of silicon including all
possible charge states. These rates are used to find steady-state
level populations and produce synthetic absorption spectra.
Radiation transfer was taken into account in the approximation
of the Biberman—Holstein escape factors for a planar plasma.
The spectral transmission coefficient takes into account all pos-
sible processes of photon absorption due to free-free, bound-
free, and bound-bound transitions. Figure 2 shows examples
of calculated spectral transmittance coefficients Pg(4) for vari-
ous temperatures. It can be seen that the form of Pg(4) proves
to be very sensitive to the value of 7,5, which makes the pro-
posed diagnostic technique possible. The most remarkable fea-
ture is a shift of the absorption edge in the wavelength range of
6.8-7.0 A while changing the temperature from 100 to 250 ¢V
in the absorption layer.

3. EXPERIMENTAL SETUP

The experiments were made at the Vulcan Petawart facility
at the Rutherford Appleton Laboratory. Vulcan PW facility
generates a laser beam using optical parametric chirped-pulse
amplification (OPCPA) technology at a central wavelength
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of 1054 nm to deliver to the target a pulse duration of full
width at half-maximum (FWHM) of ~0.7 ps. The OPCPA
technology enables an amplified spontaneous emission (ASE)-
to-peak-intensity-contrast ratio below 1079, and an additional
plasma mirror was applied to improving the contrast ratio
beyond 107!° to ensure the main pulse interacting with an un-
disturbed cold target and achieve reproducible results.

The typical laser pulse energy measured before the compres-
sor was 600 % 50 J, while the efficiency of the beam delivery
line, including laser compressor, f'/3 off-axis parabolic mirror,
and plasma mirror was measured as 50%, resulting in approx-
imately 300 J laser energy on target. After the p-polarized beam
was reflected by plasma mirror, it formed a 7-pm-diameter focal
spot at 45° incidence to the target surface normal. The central
focal spot contains 30% of the laser energy, resulting in an
estimate of 2.3 x 10%° W /cm? peak laser intensity.

The X-ray emission from the target was recorded by means
of in the directions close to the target surface normal as shown
in Fig. 1. In order to obtain spectra with high resolution
(4/A4 ~ 4000) and in a broad range from 4.75 to 7.4 A, three
ESSRs equipped with spherically bent quartz crystals were
aligned to adjoined wavelength bands. Spectrometers were pre-
calibrated along the wavelength scale using reference spectral
lines obtained from Si ions in low-laser-intensity low-plasma-
density laser shots, so the wavelength of the absorbing spectra
features was measured with 3 mA precision. Additionally, using
the intensities of reference lines, the spectrometers were cross-
calibrated, so the intensities of their data are directly comparable.

The spectra were recorded by means of Fujifilm TR Image
Plate detectors and an Andor DX434 charge-coupled device
(CCD) camera. These were protected from exposure to visible
light by two layers of 1-pm-thick polypropylene (C3Hg),, with
2 0.2-pm Al coating, or by a single 25-pum-thick beryllium win-
dow. Additionally, to prevent saturation of the detectors, Mylar
(CoHgOy) filters of 1-20 pm thickness were used. This was
chosen depending on the requested laser energy and target
thickness associated with a particular laser shot. Background
fogging and crystal fluorescence due to intense fast electrons
were limited using a pair of 0.5-T neodymium-iron-boron per-
manent magnets that formed a 10-mm-wide slit in front of
each crystal.

4. DIAGNOSTIC RESULTS

Each experimental spectrum was analyzed using the method de-
scribed above, and the extracted values of 7, 3 and & were found
to satisfy Eq. (1) with sufficient accuracy. The modeling precision
is demonstrated in Fig. 3, where the measured spectra are com-
pared with the value of S, ,4(4) = Sg(4) + Pp(1)S/(4) for
experiments with foils of different thicknesses and at different
laser pulse energies. It should be noted that despite the simplicity
of the model used, the procedure describes experimental spectra
with robust accuracy. This implies that the temperature gradient
in the cool layer responsible for X-ray absorption is not large, and
the absorption properties of Layer B can be described by a single
temperature. We note that the results are consistent with the
conclusion in Ref. [10], where matter was heated above 500 eV
at a depth of 15 pm inside a solid by a laser pulse of similar
intensity and pulse duration.
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Fig. 3. X-ray spectra measured from the rear sides of Si foil targets
with different thicknesses (black thin lines) and best fit modeled (thick
purple lines) for temperatures 7', 5 from 140 to 330 ¢V and absorbing
plasma layer thickness 4y = 5 pm. Spectral calculations at tempera-
tures that differ from the best-fit value are shown by the thin blue lines
and indicate the uncertainty in the current method.

As seen in Fig. 3, the temperature of Layer B at the rear of
the target ranges from 140 to 330 eV with the average temper-
ature decreasing with decreasing laser intensity. The targets had
different thicknesses, and the value of the absorbing plasma
layer dy was adjusted to account for the observed amplitude
of the absorption lines. The result was g = 5 pm in each case.
Aside of the best-fit cases, in upper panel of Fig. 3 two modeled
spectra calculated for plasma layer temperatures that deviated
between 310 eV and 350 eV are given. As these spectra provide
clearly less correspondence to the experimental data in the
range of 6.1-6.4 A (H-like ion absorption), the given deviated
temperatures can be considered as an upper estimate for error
bars of the method.

Note that at temperatures below ~100 ¢V the self-emission
from a silicon plasma is so weak that K -shell emission spectros-
copy is impossible.

Despite the good qualitative agreement between the
modeled and observed spectra, there are several deficiencies.
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The observed neutral K line (wavelength ~7.125 A) is not
reproduced by the model. This line is probably emitted by fast
electrons reaching a cold area of the target located at a distance
from the center of the laser focal spot. At lower laser energy of
90-100 J, the modeled spectra and experimental ones do not
match at around ~6.2 A wavelength. This is linked to the ab-
sorption on the 1s—2p transition in the H-like Si XIV ion,
which is not seen in the modeled spectra and most likely arises
due to temporal gradients. In particular, the largest amount and
the highest emittance of H-like Si ions occurs at the time of
maximum temperature in Layer A. This is also the time of the
highest temperature in the cooler and absorbing Layer B. This
is when the populations of emitting (Layer A) and absorbing
(Layer B) H-like ions are most transient. It is important to note
that a simple single-layer absorber model successfully captures
many features of a spectrum over a range of conditions in
otherwise difficult-to-diagnose warm dense materials. This
model provides information on the spatial scale and tempera-
ture dependence of the warm dense matter created.

5. CONCLUSIONS

In this paper, we proposed a method for extracting the tem-
perature of warm dense matter in near-solid conditions using
an X-ray absorption spectroscopy technique with no target mod-
ifications. The method was developed and applied in experiments
with flat silicon foils irradiated by 0.7-1.5-ps ultrahigh-contrast
laser pulses of 0.5-2.5 x 10%° W /cm? intensities. The electron
temperature of the warm dense matter created at the rear side
of the target was estimated to be in the range of 140-330 eV.
It should be noted that the measured temperatures are in good
accordance with the results of 2D particle-in-cell simulations de-
scribed in Ref. [18]. The advantages of the diagnostic approach
include the possibility to diagnose warm dense matter with a
low self-emissivity for both homogeneous and layered targets.
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