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ABSTRACT

X-ray absorption spectroscopy is a well-accepted diagnostic for experimental studies of warm dense matter. It requires a short-lived X-ray source
of sufficiently high emissivity and without characteristic lines in the spectral range of interest. In the present work, we discuss how to choose an
optimum material and thickness to get a bright source in the wavelength range 2 A-6 A (~2 keV to 6 keV) by considering relatively low-Z
elements. We demonstrate that the highest emissivity of solid aluminum and silicon foil targets irradiated with a 1-ps high-contrast sub-kJ laser
pulse is achieved when the target thickness is close to 10 ym. An outer plastic layer can increase the emissivity even further.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0025646

I. INTRODUCTION

X-ray spectroscopy is an experimental tool that enables the de-
termination of the temperature, density, charge state, interionic elec-
tromagnetic fields, X-ray emissivity, and transport properties of hotand
dense plasmas created by intense lasers (e.g., Refs. 1-3). X-ray emission
spectroscopy relies on the creation of highly excited states that form at
the high temperature of the plasma. These temperatures typically
exceed several hundreds of eV. When a plasma is cool, its X-ray
emissivity is low, which prevents the recording and reliable analysis
of the emission spectra. X-ray absorption spectroscopy (XAS)" is a
powerful and practical alternative for cool plasmas. XAS has been used
to study laser-induced plasmas,” ° shock-wave compressed
matter,” '’ and matter heated by X-rays.”'* '® Recent attention has
focused on using XAS to study warm dense matter (WDM).'” *°

Measurements have been used to validate numerical descriptions of the
transport properties of WDM.” Understanding transport in WDM is
important for fast and shock ignition in laser fusion experiments”"*”
and planetary science.””**

A successful experimental implementation of XAS requires an
X-ray source (XRS) that satisfies several important criteria: (1) the
source should be sufficiently intense to dominate any self-radiation
and have a good signal-to-noise ratio, (2) the emission duration
should be sufficiently short to enable time-resolved measurements,
and (3) the source should provide an adequate spatial resolution. In
general, these three criteria should be met across the spectral range of
interest. With sufficient temporal resolution, it is possible to capture
“freeze-frame” transient processes, and multiple shots enable frame-
by-frame “scans” of evolving systems. Examples of these approaches
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are discussed in Refs. 5 and 25. These three criteria can be satisfied
with suitably designed relativistic laser-plasma XRS set-ups”® ** that
have X-ray emission duration <0.1 ns, a small size (<5 ym), and a high
emissivity across a broad spectral range. However, the specific ex-
perimental XRS parameters depend on the individual experimental
conditions and requirements. For example, consider a 10-ym-thick Sc
foil as the studied target and with a K-edge of around 2.76 A or
4.5 keV. Its X-ray absorption in the range 2.5 A-2.75 A is about 0.9.
Therefore, to get an XRS signal with emissivity after absorption that is
approximately a factor of 10 higher than the target self-emission, the
XRS emissivity prior to absorption has to be hundreds of times higher
than the target self-emission.

The lifetime of the XRS plasma should be much shorter than the
evolution time of the WDM state. Plasmas generated in solids by a
high-contrast ps-short pulse laser are the most suitable. Usually,
accurate estimations of XRS plasma lifetimes require comprehensive
modeling, yet this is not always necessary. A recombination con-
tinuum is emitted until the plasma cools down and recombines, so
that is loses its He-like states. Cooling occurs mainly due to adiabatic
expansion of the plasma. The lifetime of a plasma depends on its
initial size and expansion velocity. The expansion time of a relatively
small XRS plasma is orders of magnitude shorter than the expansion
of the massive main WDM target, i.e., tens of ps compared to ns.

It would be useful to obtain time-resolved data for an X-ray
absorption near-edge structure (XANES). However, no schemes
implementing a streak detector and laser-plasma-based XRS have yet
been realized, likely due to the insufficient emissivity of the laser.
Instead, time-resolved XANES data have been obtained usinga CCD
detector in multiple-shot mode by scanning the delay between the
heating and backlighting laser pulses.”” *' Alternative forms of XRS
used for absorption spectroscopy includes X- and Z-pinches, which
provide bright and short-duration emission,'”””” X-ray free-
electron lasers (XFELs),” laser wakefields,”” * and synchrotron
sources.'” These pinch-based sources can be emissivity limited, have
pulse durations of more than tens of ns,'””" and have reasonable
spatial resolution. An XFEL is an exceptional radiation source,
providing extraordinarily bright beams of short-duration X-rays with
high spatial resolution. Unfortunately, there is limited access to XFEL
sources, and this will likely remain so for the foreseeable future.
Although solid foils remain the most common XRS targets for XAS in
experiments with optical lasers,”*” ** other target types include gas
jets,"” clusters, and sophisticated targets.”" *°

XAS is more complex than self-emission spectroscopy as the
technique requires at least two measurements to provide the initial
XRS emission spectrum: one before the sample and then one of the
X-ray spectrum once it has passed through the sample. An XAS
spectrum is extracted by removing the initial XRS spectrum from the
transmitted spectrum. Usually these measurements are taken on the
same shot, and if different instruments are used to acquire the two
measurements, a cross-calibration of the spectrometers and detectors
and detailed knowledge of the angular emission of the XRS is nec-
essary. However, recording the XRS emission on each shot eliminates
the need to compare with a reference spectrum and therefore reduces
the need for reproducibility of the XRS spectrum from shot to shot.
Plasma XRS spectra may contain characteristic lines as well as
continuum emission of free—free (bremsstrahlung) or bound-free
(photorecombination) transitions. Ideally, the XRS spectrum is a
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featureless continuum, although this is not obligatory. Characteristic
lines, such as resonance lines from a K-shell spectrum, are bright and,
as such, are often used in imaging. If these lines are present in XAS, it is
necessary to ensure the spectral calibration is several times smaller
than the width of these spectra features, i.e., of the order of mA. A
more robust approach is to choose the backlighting target material in
an effort to avoid spectral features across the spectral range of interest.

In this paper, we discuss the optimization of a laser-plasma-
based XRS for absorption spectroscopy in the wavelength range of
about 2 A-6 A (2 keV-6 keV) by considering the merits of different
materials and targets of different thickness. We show that targets
made of materials of low atomic number, such as aluminum, silicon,
phosphorus, sulfur, and potassium, which have atomic numbers
Z=13,14,15,16,and 19, respectively, and specific thicknesses are well
suited for this purpose.

Detailed modeling of laser-plasma radiation, in general, requires
an understanding of the dependencies of its macroscopic parameters
on time. First, one needs to know the electron density and tem-
perature, since these parameters determine the photorecombination
rate and the populations of ion ground states.

Il. CALCULATED EMISSION SPECTRA OF X-RAY
SOURCES FOR A SOLID-DENSITY LASER PLASMA

A continuum XRS, i.e., one dominated by bremsstrahlung or
recombination emission without spectral lines, is superior for XAS.
However, as typical experimental laser-plasma temperatures are
noticeably lower than 1 keV, the peak of the bremsstrahlung emission
lies in spectral regions of long wavelength or low photon energy (e.g.,
~12.35 A or 1 keV for a plasma temperature of 0.5 keV). In com-
parison, as photorecombination emission occurs at rather short
wavelengths (discussed below), photorecombination can be used to
create a continuum XRS in the rather short wavelength or hard X-ray
region.

Maximizing the average ionization state requires high plasma
densities and temperatures. The rates of collisional ionization are a
maximum at temperatures T, = (0.15-0.3) X I, and then decrease
(I, is the ionization potential). The ionization rate increases
monotonically with increasing plasma density. Therefore, high
plasma densities are needed for a harder XRS. Near solid-density
plasmas can be created in high-intensity short laser-solid interactions
when the laser contrast is sufficiently high; see, for example, Refs.
47-51. Even higher densities can be reached with buried or layered
targets. Here an outer transparent coating temporarily prevents the
expansion of the XRS emission layer and is discussed in Refs. 52-56.

To estimate the emission spectra for elements with atomic
numbers Z = 13-16, we used the atomic radiative-collision kinetic
code PrismSPECT""" for the steady state. We assumed that the
plasma density is close to that of the solid state and that the long
plasma confinement time is sufficient. Chlorine is a gas under normal
conditions, whereas potassium exists in compounds only. Therefore,
compounds sodium chloride and potassium chloride were used in-
stead of pure sulfur and potassium, respectively. The dense plasma
ionization potential depression”” " follows the description by
Hummer and Mihalas.”' The results are shown in Fig. 1. These spectra
include the bremsstrahlung and recombination emission but exclude
the spectral lines. This improves the visualization of the photo-
recombination continuum profiles, which extend to wavelengths
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FIG. 1. Comparison of numerical photorecombination continuum emission spectra
for a set of elements with atomic numbers Z = 13-16 and compounds sodium
chloride and potassium chloride. Aluminum: grey polygon. Silicon: red. Phosphorus:
blue. Sulfur: green. Sodium chloride: purple. Potassium chloride: violet. The
positions of a few characteristic silicon lines of the resonance series of Ly-like
Si (Si XIV, vertical solid lines in the figure) and He-like Si (Si XIII, vertical dashed
lines) ions are indicated for clarity. The plasma parameters for each element were
chosen individually (Table [). The ion densities n; were set to be equal to the solid
density of the corresponding materials, whereas the electron density and temper-
ature, ne and T,, were set to have a fixed sum: n, T, + ZNkI k-

much shorter than the resonance spectral line positions. This is il-
lustrated for silicon, as the Si XIV (Ly-like) and Si XIII (He-like)
resonance line positions are indicated by vertical solid and dashed
lines, respectively.

In the calculations, to enable a comparison between different
materials and account for different electron configurations and
ionization potentials, we simplified how to choose the conditions
for our kinetic simulation by ensuring that the sum
1neTe + ZNkaneTe + ZNka =5 X 10*® eV/cm®. Here, n.and T, are
the electron density and temperature, respectively, Nj is the density of
ions with a charge k, and I is the energy required for ionization of an
atom to a state k, with n, = ZkN k- The ion densities, which depend on
the solid-state density, electron density, and electron temperature, are
given in Table I for each element. This condition assumes that a fixed
laser energy will be deposited into targets of different materials. The
energy is expended on ionization and heating the plasma up to T..

RESEARCH ARTICLE scitation.org/journal/mre

Figure 1 illustrates that the photorecombination continuum
peak intensity is roughly the same for each element and can be used to
choose the appropriate XRSs for various wavelength ranges. For
example, aluminum is best for range 5 A-5.7 A, silicon appears to be
appropriate across the spectral range 4.25-5 A, whereas phosphorus is
suitable for range 3.75 A-4.25 A. Note that the high T, for potassium
(Table 1) is due to the solid density whilst maintaining
n.Te + Y NiIi = 5 X 10* eV/em”.

The results shown in Fig. 1 overestimate the emissivity of XRSs,
as in a typical experiment, the ionization states evolve and the plasma
expands. The result is that the plasma density averaged over the
emission life of the plasma will be lower than that for the solid state. In
our modeling, we used plasma temperatures of at least a few hundreds
of eV, which ensured the plasmas had high fractions of H- and He-like
ions. High temperatures are both relatively easy to achieve using
modern laser facilities and desirable because they ensure high peak
luminosities in the PCE (photorecombination edge) regions.

IIl. EXPERIMENTAL OPTIMIZATION OF THE
CONFIGURATION OF THE X-RAY SOURCE TARGET

The possibility of using numerical spectra, such as those in Fig. 1,
to select an appropriate material for a continuum XRS source was
checked by comparing them with experimental measurements of
solid foil silicon and aluminum targets irradiated with high-contrast
picosecond-duration high-energy laser pulses.

The experiment was conducted with the Vulcan petawatt laser at
the Rutherford Appleton Laboratory, UK.”* This is a Nd:glass laser
operating at a wavelength of 1054 nm and uses optical parametric
chirped-pulse amplification (OPCPA)* to achieve a high laser-to-
prepulse contrast. The beam contrast was improved by placing a
plasma mirror®*” between the focusing f/3 off-axis parabola mirror
and the target. This ensured that the laser contrast exceeded 10" at
1 ns.”° A p-polarized laser pulse was incident on the target at 45° and
delivered ~300 J in ~1 ps into a ~7-um-diameter focal spot. This spot
contained 30% of the laser energy, giving an on-target power and
intensity of about 0.3 PW and 3 X 10°® W/cm®. The experimental
setup in Fig. 2 shows the position of the parabola, plasma mirror,
target, and three X-ray spectrometers.

The following targets were used: (1) silicon foils with thicknesses
from 0.5 ym to 30 ym, (2) aluminum foils with thicknesses from 5 ym
to 25 ym, and (3) 2-pum silicon foils coated with 1.4 um CH plastic on
both front and rear sides. This plastic coating is transparent to the
early part of the high-contrast laser pulse. The inertia of this coating

TABLE . lon density n; electron density ne, and electron temperature T, which determine the emission spectra in Fig. 2. The indicated PCEs of NaCl correspond to Cl only, whereas

the PCEs of KCI correspond to K.

Element or n; X 102 n, X 10*

compound Z (ions/cm®) (electrons/cm?) T, (eV) Mean charge PCE of H-like ion (A) PCE of He-like ion (A)
Al 13 6 6.9 430 11.5 5.61 6.18

Si 14 5 6.2 480 124 4.84 5.31

P 15 3.5 4.9 625 14 4.21 4.59

S 16 39 5.5 550 14.1 3.66 3.96

NaCl 2.2 3 1150 13.3 3.25 3.5

KCl 1.6 2.7 1255 16.5 2.58 2.77
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f/3 off-axis

. laser
focusing pulse
parabola

plasma
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front side
FSSRs

X-ray plasma
emission

FIG. 2. Top view of the experimental scheme. A solid target is irradiated by a

p-polarized laser beam reflected from a focusing parabola and a plasma mirror. The
front-side spectrometers are in the plane of the laser beam.

helps prevent expansion of the buried layer until the arrival of the
main laser pulse. This is discussed in Refs. 52-55 and the laser in-
teraction with near-solid-density matter in Ref. 56.

Three focusing spectrometers with spatial resolution
(FSSRs)*”** based on spherically bent crystals were used to record the
plasma emission from the front of the target. These were the main
diagnostics. Their spectral ranges partially overlapped to allow the
cross-calibration of the measurements and the observation of the X-
ray spectra across a broad continuous spectral range. This spectral
range extends from 4.5 A to 7.5 A. The experimental design is de-
scribed in more detail in Ref. 2. All the spectral measurements were
made in space- and time-integrated mode. This broad spectral range
enables the bremsstrahlung radiation to be easily distinguishable in
the spectra.

RESEARCH ARTICLE scitation.org/journal/mre

Figure 3 compares an experimental space- and time-integrated
emission spectrum from a 2-pm silicon foil (indicated with a grey
solid curve) with a best-fit model spectrum from PrismSPECT, which
is the sum of the characteristic, photorecombination, and brems-
strahlung emissions (indicated with a red solid curve). The blue
dashed curve indicates the bremsstrahlung contribution for a plasma.
This was based on a single-temperature approximation, with a
temperature of T, = 125 eV. It was estimated from the experimental
spectrum between 7 A and 7.5 A. This comparison of the experimental
and calculated spectra reveals that the ion and electron densities, plasma
temperatures, and thicknesses were 2.8 X 10?? ion/cm’, 3.6 X 10%
electron/cm?, 530 eV, and 3 um, respectively. These values were found by
analyzing the broadening of the spectral lines due to the Stark effect and
relative intensities of the Si XIV (Si***) Ly, and Lygand SiXIII (Si'®") He,
and Heg resonance lines. This type of analysis is described in Ref. 56. The
calculated spectrum was extended to 2 A to highlight the photo-
recombination contribution to the spectrum. It is considered reliable due
to the lack of characteristic lines in this region.

The results in Fig. 3 demonstrate that the photorecombination
region of the spectrum between 3 and 4.8 A is a featureless and
relatively bright region, making it a suitable XRS for absorption
spectroscopy. This is consistent with our earlier conclusions in Sec. IT,
which were based on an analysis of the model spectra shown in Fig. 1.

The XRS emissivity or yield depends on the target configuration.
Figure 4 shows how this depends on target thickness and whether the
target is uncoated or coated by a plastic layer. It shows the emissivity
of the targets of different thickness in terms of the conversion effi-
ciency, i.e., the full energy of the photons emitted by the plasma into
4n (assuming isotropic emission), in a given spectral bandwidth,
normalized by the laser energy incident on the target. The spectra
were integrated over the 0.5-A spectral region where the photo-
recombination continuum intensity is a maximum. This was
4.5 A-5 A and 5.15 A-5.65 A for silicon and aluminum, respectively.
The relative emissivity and associated errors were determined from
several shots for a fixed target thickness and similar laser parameters.

The data clearly reveal that there is an optimal target thickness of
around 10 ym for both silicon and aluminum. For thinner targets, the

T T LI L
—— Experimental sp. for Si foil Ly, He
Modeling: Ly, i

o | e Breamsstrahlung sp. P

S Full sp. (best-fit)

£

©

=

2

Jg Photorecombination range

- suitable for XRS

0 ey - __ Tt e ey e S

Wavelength, A

FIG. 3. Comparison of experimental data (grey curve) with a model spectrum (red curve). The experimental spectrum corresponds to 2-um-Si-foil laser-plasma emission. The
modeled spectrum is a sum of photorecombination, characteristic, and bremsstrahlung spectra; the last of these is indicated with a dotted blue curve. The orange rectangle
indicates the wavelength range that is best suited for X-ray source based on Si (3 A—4.8 A).
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FIG. 4. Dependences of experimentally measured conversion efficiencies on the
thickness of solid foil targets: (a) emission from silicon targets integrated over the
wavelength range 4.5 A-5 A and (b) emission from aluminum targets integrated over
the range 5.15 A-5.65 A. The conversion efficiency is the ratio of the deposited laser
energy and the energy of the emitted photons.

decrease in emissivity is the result of a residual prepulse, which causes
the target to expand. The decrease in plasma density reduces the
recombination rate, so the X-ray yield drops, making thin targets
unsuitable for XRS. When the target thickness was increased to 10 ym,
the influence of the laser prepulse on the average plasma density
reduced. A further increase in target thickness reduces the emissivity
due to two factors. First, for a thicker target, the lowest electric
potential is at the back surface of the target, which limits the refluxing
of return currents of free electrons, reduces resistive heating, and
reduces the target temperature. Second, the opacity of a thicker target
reduces the emission from inner and rear layers.

The advantage of using plastic-coated targets to bury the
emission layer is highlighted by the data point indicated by a black
square in Fig. 4(a). The integrated emissivity is higher than for un-
coated targets of the same thickness. Such a plastic coating is
transparent to the laser pulses and suppresses expansion of the
emission layer until the main laser pulse arrives. This helps to
maintain a high average plasma density. In addition, the ionization
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potential depression extends the photorecombination continuum
along the spectral range, which is described in more detail in Ref. 56.
Though we studied coating only a 2-um-thick foil, we expect similar
emissivity enhancements for thicker targets.

IV. CONCLUSIONS

In this work, we discussed choosing a material and configuration
of a solid target for use as a bright laser-plasma-based X-ray source.
We show that low-Z materials, such as aluminum and silicon, can be
used as X-ray backlighting in a hard X-ray range between 2 A and 6 A,
which corresponds to photon energies of approximately 2 keV-6 keV.
We focused on the photorecombination continuum emission of a
solid-density plasma to create a featureless spectral continuum of high
intensity, for use in, for example, XAS of WDM.

We studied experimentally spectrally resolved emissions from
aluminum and silicon solid targets. We found that it is essential to
use a high-contrast, high-intensity, and short-duration laser to create
the X-ray sources and that an optimal target thickness of close to
10 um is necessary. The lower emissivity of thinner targets, even with a
high-contrast plasma pulse, is due to target expansion and a lowering
of the average plasma density. A decrease of the emissivity for thicker
targets is associated with a reduction of electron refluxing, resistive
heating, and target opacity. A thin plastic coating on the target surface,
which is transparent to the early part of a high-contrast laser pulse,
helps to maintain the average plasma density and improve the X-ray
emissivity.

The maximum number of the photons occurs for a 10-ym-thick
Si foil and is about 10 (assuming isotropic emission into 4m).
However, when making XRS measurements during a specific high-
power laser experiment, this value will likely decrease. The energy
deposited into the main target usually exceeds that deposited into the
XRS target. However, the plasma luminosity is directly proportional
to the deposited laser energy. Therefore, the total main target lu-
minosity is likely to be higher than the XRS one. Successful absorption
spectroscopy seems to be impossible to perform in such conditions
when recording photons emitted by both targets, as the signal-to-
noise ratio is too high. However, most of the plasma emission comes
from the hot laser-target interaction point and its surroundings,
mainly as He-like characteristic emission lines. In a recent experi-
mental campaign,”” it was shown that the hot plasma emission is at
least one order of magnitude higher than the WDM emission in the K-
edge region. The temperature of the WDM was about a few tens of eV.
This means that one should ensure proper shielding of the hot plasma
emission from the main target (without decreasing the useful XRS
signal). In this case, adsorption spectroscopy is possible. In general, an
acceptable adsorption spectroscopy signal-to-noise ratio may be
attained when the laser energy deposited in the XRS target is no less
than 5 times lower than that deposited in the main target.
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