PHYSICAL REVIEW LETTERS 129, 135001 (2022)

Homogeneous, Micron-Scale High-Energy-Density Matter Generated by
Relativistic Laser-Solid Interactions

N.F. Beier ,1‘2’* H. Allison,2 P. Efthimion,3 K. A. Flippo,4 L. Gao ,3 S.B. Hansen,5 K. Hill,3 R. Hollinger ,6
M. Logantha,2 Y. Musthafa,2 R. Nedbailo ,6 V. Senthilkumalran,l R. Shepherd,7 V.N. Shlyaptsev,6 H. Song ,6

S. Wang,6 F. Dollar ,2 J.J. Rocca,6’8 and A. E. Hussein
1Departmem‘ of Electrical and Computer Engineering, University of Alberta, Edmonton, Alberta T6G 2R3, Canada
’STROBE, NSF Science and Technology Center, University of California, Irvine, California 92617, USA
3Princeton Plasma Physics Laboratory, Princeton, New Jersey 08536, USA
*Los Alamos National Laboratory, P.O. Box 1163, Los Alamos, New Mexico 87545, USA
>Sandia National Laboratories, Albuguerque, New Mexico 87185, USA
6Department of Electrical and Computer Engineering, Colorado State University, Fort Collins, Colorado 80521, USA
"Lawrence Livermore National Laboratory, Livermore, California 94550, USA
8Department of Physics, Colorado State University, Fort Collins, Colorado 80521, USA

® (Received 2 March 2022; revised 1 August 2022; accepted 26 August 2022; published 21 September 2022)

Short-pulse, laser-solid interactions provide a unique platform for studying complex high-energy-
density matter. We present the first demonstration of solid-density, micron-scale keV plasmas uniformly
heated by a high-contrast, 400 nm wavelength laser at intensities up to 2 x 102! W/cm?. High-resolution
spectral analysis of x-ray emission reveals uniform heating up to 3.0 keVover 1 um depths. Particle-in-cell
simulations indicate the production of a uniformly heated keV plasma to depths of 2 ym. The significant
bulk heating and presence of highly ionized ions deep within the target are attributed to the few MeV hot
electrons that become trapped and undergo refluxing within the target sheath fields. These conditions
enabled the differentiation of atomic physics models of ionization potential depression in high-energy-

density environments.
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High-energy-density (HED) matter exists in extreme
states of temperature and density characterized by energy
densities exceeding 10'! J/m? and pressures exceeding
100 GPa [1]. Elucidating the temperature, pressure, and
density in these HED environments is critical for under-
standing the physics of stellar interiors [2-5] and the achi-
evement of inertial confinement fusion [6—8]. However, an
accurate description of HED conditions remains an experi-
mental and theoretical challenge due to the complex
laser-plasma dynamics, heating mechanisms, and rapidly
evolving plasma conditions.

The development of experimental platforms to generate
well-characterized HED plasmas can provide a novel
means to diagnose fundamental properties such as opacity
and equations of state, needed to benchmark atomic physics
models and simulations tools. In particular, the generation
of homogeneous HED plasmas can minimize uncertainties
in temperature and density profiles [9-16]. One common
method to produce homogeneous HED conditions is the
use of thin (10 s—100 s nm) buried tracer layers to mitigate
longitudinal gradients [9,11,17-19], however, layered tar-
gets introduce new complications due to fields at material
interfaces [20-22]. The generation of homogeneous, long
length-scale, solid-density plasmas using midscale, short-
pulse (r < 100 fs) ultraintense laser facilities provides
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novel and accessible platforms for detailed experimental
studies of HED plasmas.

During relativistic laser-solid interactions (/A2
10'® W cm™2 um?), electrons accelerated by the laser field
to relativistic energies can transport energy from the laser
focal area to the bulk material. These hot electrons are the
dominant heating mechanism in solid targets [23-27].
Provided that these short-pulse lasers are of sufficiently
high contrast (typically >10® intensity contrast), the laser
will interact with a solid-density target before signi-
ficant hydrodynamic expansion can occur. Studies using
high-contrast Ti:sapphire laser systems in the second
harmonic (400 nm wavelength) focused to intensities / ~
10'® W /cm? have shown that the suprathermal (~0.4 MeV)
electrons can heat near-solid-density plasmas to approxi-
mately 100 eV over 5 ym lengths [28] or to > 1 keV
temperatures over 150 nm lengths [29]. At higher intensities
(I > 10*! W/cm?) and contrast ratios (> 10'? intensity
contrast), highly ionized, near-solid-density plasmas over
several microns have been created by irradiating gold
nanowire targets [30]. However, to the best of our knowl-
edge, a uniformly heated, multi-keV, solid-density plasma
with micron-scale lengths has not yet been demonstrated.

K-shell x-ray emission spectroscopy is a widely used
diagnostic of the temperature, density, and hot electron
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dynamics of laser-produced plasmas [26,29,31-37].
During the propagation of hot electrons through cold,
neutral material, cold inner-shell emission, e.g., Ka and
Kp, is produced via collisional ionization of inner-shell
electrons before the transition of an L- or M-shell electron
to fill the vacancy [33,38,39]. Conversely, the appearance
of thermal ionic emission lines, e.g., Hea and Lya, are due
to electronic transitions from highly ionized atoms, namely,
from helium- and hydrogenlike ions for Hea and Lya,
respectively. These highly ionized atoms are typically
generated within the thermal plasma in the central hot
spot of the laser focus [33,35].

In this Letter, we demonstrate the generation of uni-
formly heated, multi-keV, solid-density plasmas through
laser-solid interactions using a high-contrast, 400 nm laser
at intensities up to I = 2 x 10> W/cm?. High-resolution
x-ray spectroscopy of K-shell emission from atoms ionized
up to H-like copper (Cu) indicate that solid-density plasmas
were volumetrically heated to multi-keV temperatures over
the first 2 ym. The homogeneous heating by the 400 nm
wavelength laser is attributed to the generation of few
MeV electrons with favorable conditions to become trapped
and undergo refluxing in within few-micron targets, as
opposed to higher energy electrons generated at 800 nm
that experience less trapping, resulting in colder material.
These results demonstrate an approach for generating
homogeneous, micron-scale HED matter using simple,
single-material flat foils that can be used as a platform
for validation of atomic physics models.

Experiments were conducted by irradiating Cu foil
targets with the 400 and 800 nm wavelength modes of
the ALEPH laser [40]. The ALEPH 400 nm mode delivered
up to 6.6 £ 0.2 J pulses of 45 fs full width at half maximum
(FWHM) duration in a focal spot of 1.5 4+ 0.2 yum FWHM
to obtain intensities of 2.9 + 0.8 x 10*! W/cm? with an
intensity contrast of 10'¢ at times > 5 ps preceding the
laser pulse. Cu foils of 0.5-15 pm thickness were irradiated
at normal incidence. The 800 nm mode delivered 12.4 +
0.4 J pulses with 30 fs FWHM with a focal spot size of
2.4 £ 0.2 yum FWHM, producing intensities of 3.2 4+ 0.5 x
10?! with an intensity contrast of 10% within 5 ps. Cu foils
of 1-15 um thickness were irradiated at a 10° angle of
incidence. Copper K-shell spectra were measured using
two spectrometers: (1) a moderate-resolution (E/AE~
1000) von Hamos mica crystal spectrometer (VHS) and
(2) a high-resolution (E/AE > 7500) spectrometer (HRS)
consisting of two spherical germanium crystals. Front-side
emission was captured using the VHS and rear-side
emission using the HRS, with viewing angles of 0° and
45° from target normal, respectively. A quartz-2131 spheri-
cal crystal imager was fielded to obtain rear-side Ko
emission. Additional experimental details are provided in
the Supplemental Material [41].

Collisional-radiative modeling using the SCRAM code
[43] was used to determine plasma heating profiles through

fitting of synthetic spectra to experimental measurements.
A series of SCRAM calculations (see Supplemental Material
[41]) were performed to model the x-ray emission of solid-
density Cu layers of incremental thickness, dx = 0.1 um,
with electron and ion temperatures 7, = T; = T ranging
from 0.1 to 4.0 keV. Layers with various temperature
profiles were stacked to simulate foils of different thick-
nesses. Global optical depth effects were incorporated in
the fitting procedure, which transports the emission through
each layer along the line of sight to the spectrometers.

Details of the heating process were further studied using
three-dimensional (3D) particle-in-cell (PIC) simulations
performed in VLPL [44]. The simulations were initialized
with singly ionized species of solid-density 12 x 12 ym Cu
targets of 1, 2, and 5 pum thicknesses. A 7 J, 45 fs, 400 nm
pulse with a spot size of 1.5 yum FWHM, producing a peak
laser intensity of 3 x 10! W/cm?, was simulated, where
t = 0 fs corresponds to the peak of the pulse arriving at the
surface of the target. Because of the high contrast of the
400 nm ALEPH Ilaser, no preplasma was simulated.
Ionization effects due to optical field ionization (OFI)
and electron-ion collisions were included.

X-ray spectra from Cu foil targets are plotted in Fig. 1.
Figure 1(a) shows the front-side emission from Cu foils in
which ionic line emission, i.e., Hea (8.35 keV), Lya
(8.69 keV), and Hep (9.87 keV), was observed for all
thicknesses, with an increase in Li-like Cu for increasing
target thicknesses. Cold K« (8.04 keV) and K/ (8.91 keV)
front-side emission were only observed for targets thicker
than 5 um. In rear-side emission, He-like Cu was observed
for 0.5 and 1 pm thick foils [Fig. 1(b)], while only a strong
Ka doublet was observed for thicker targets. When
irradiated at lower laser intensities (~10%° W/cm?), the
only observed front- and rear-side emission lines from all
target thicknesses were Ka and Kp.

Three emission lines have been marked in Fig. 1(a) using
Gabriel’s notation [45]. These are the 1s2p 'P; — 15% 1S,
Hea resonance transition (w), the 1s2p 3P, — 15> 1S,
intercombination (y), and the Li-like dielectronic satellite
(j). The ratio of the front-side j/w emission describes the
relative populations of Li- and He-like Cu [46,47] and is
plotted for front-side emission as a function of target
thickness in the inset of Fig. 1(a). The normalized ratio
of j/w was found to increase for targets of 0.5, 1, and 5 ym
thickness before plateauing at 10 and 15 pm, indicating
that the x-ray-weighted electron temperature 7, decreases
as the target thickness increases.

The presence of thermal Hea and Lya emission in front-
and rear-side spectra from < 1 ym thick foils in Fig. 1(a)
indicates that foils were volumetrically heated to keV
temperatures by the 400 nm laser pulses. However, absence
of Hea in rear-side measurements of targets with thick-
nesses > 5 um [Fig. 1(b)] suggests significant absorption
from a population of He-like ion species in a dense, hot
plasma, but insufficient heating to generate strong emission
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(a) Front- and (b) rear-side Cu foil emission irradiated by the 400 nm laser at 2 x 10>! W/cm?. Lines represent three shot

averages. Inset of (a): calculated normalized ratio of the j Li-like satellite to w Hea resonance. Gray cross-hatched bars in (b) denote
regions outside the dispersion range of the high-resolution spectrometer.

lines from these ions [48]. Given the similar charge
distribution of the emitting plasma inferred from the
front-side emission of varying thickness, the strong absorp-
tion of rear-side He-like emission observed for targets
> 1 um suggests that a region of hot, opaque plasma exists
over the first I-5 um of the plasma. Furthermore, the front-
and rear-side Ka emission from > 5 pm targets is produced
in regions of cold plasma, which do not reach highly
ionized charge states. These observations are consistent
with the trends in plasma line emission as a function of
target thickness in the insert of Fig. 1(a).

Comparisons between SCRAM modeling and experimen-
tal data enabled investigation of temperature profiles in the
resultant plasma [41]. Figures 2(a) and 2(b) show front- and
rear-side emission of 0.5 ym Cu foils, respectively, with a
best fit using a constant temperature of 7 = 3.5 keV.
Figures 2(c) and 2(d) show front- and rear-side emission
of 1 um Cu foils, respectively, with a best-fit constant
temperature of 7 = 3 keV. However, constant temperature
profiles did not reproduce both the front- and rear-side
spectra for targets > 5 um; temperature gradients were
required to fit experimental measurements. Figures 2(e) and
2(f) show front- and rear-side emission of 5 um foils,
respectively, with best-fit temperature profiles as the insets
in Fig. 2(e). The observed decrease in plasma temperature
and appearance of temperature gradients agrees well with
the measured increase in front-side j/w ratio [inset
Fig. 1(a)], which indicates an increase in population of
Li-like Cu ions.

The electron temperature and density profiles produced
by the 400 nm interaction were further analyzed from 3D
PIC simulations. The average electron temperature and
density as a function of depth along the laser axis at t =
429 fs in the simulation are plotted in Figs. 3(a) and 3(b),
respectively. The electron temperatures were calculated
using the slope temperature of a Maxwellian fit to the
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FIG. 2. Experimental Cu K-shell emission (black with shaded
error bars) compared to SCRAM simulations with constant (dashed
red) and variable (dash-dotted blue) temperature profiles.
(a) Front- and (b) rear-side spectra of 0.5 ym foil with constant
temperature of 3.5 keV. (c) Front- and (d) rear-side spectra of
1 pm foil with constant temperature of 3 keV. (e) Front- and
(f) rear-side (f) spectra of 5 um foil with constant and variable
profiles (inset).
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FIG. 3. 3D PIC results of 400 nm interaction. (a) Electron
temperature and (b) density as a function of depth for 1 (solid),
2 (dashed), and 5 ym (dash-dotted) targets.

electron energy distribution. Cu foils of 1 and 2 ym
thickness were found to have uniform temperature and
density profiles of along the laser axis of 7, ~5.5 keV
and n, ~1.54 x 10** cm™, and T, ~3.5keV and n,~
1.47 x 10?* cm™3, respectively. Conversely, 5 ym targets
exhibited average electron temperature and density gradi-
ents, varying from 7,~2.5keV and n, ~ 1.41 x 10** cm™?
near the target surface to 7, ~0.25 keV and n, ~ 0.94 x
10 cm™ at a depth of 5 um. The results from PIC
simulations indicate that homogeneous, multi-keV plasma
are heated over micron-scale depths, in good agreement
with experimental and SCRAM results. The agreement
between the SCRAM analysis and PIC simulations indicate
that the homogeneous plasmas have electron densities
greater than 60% of solid density (n, = 2.3 x 10** cm™3
for He-like Cu) while reaching temperatures 7, > 3 keV.

Measurements of rear-side Ka emission were used to
infer the area of hot electron propagation and approximate
the bulk plasma heating volume [41]. Assuming that the
average FWHM area of 69 + 1 ym?> of Ka emission
corresponds to the region of multi-keV heating, the volume
of uniform plasma generated by the 0.5 and 1 pm targets
are 35 & 1 and 69 + 1 um?, respectively. For solid-density
plasmas and a Maxwellian electron distribution, the total
energy within these bulk plasma electrons is 68 and 115 mJ,
respectively, with conversion efficiency from laser to bulk
plasma electrons on the order of 1%—3%, consistent with
3% estimated from PIC simulations. From the Ka con-
version efficiency, the absorption fraction of laser to hot
electrons is estimated to be 5%—-10% [49], consistent with
other results from high-intensity laser interactions at
normal incidence [50].

The generation of He- and H-like Cu ions through
OFI require appearance intensities of 2 x 10%° and
7 x 10*! W/cm?, respectively. However, OFI only occurs
within the laser skin depth. At relativistic intensities, the
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FIG. 4. Rear-side spectra of (a) 1, (b) 5, (c) 10, and (d) 15 pm
thick Cu foil targets from 800 (dashed red) and 400 nm (solid
blue) interactions.

laser penetration depth is determined by the relativistic
critical density 7 o] = ¥, Where y is the relativistic
Lorentz factor and n = m,w3epe? is the nonrelativistic
critical density. At 400 nm, a relativistic factor of y ~ 11
leads to a relativistic critical density of R & 10 cm™,
which remains an order of magnitude below the electron
densities produced in solid-density He-like Cu (n, =
2.3 x 10** cm™3). The ultrahigh contrast of the ALEPH
400 nm mode minimizes foil expansion prior to the arrival
of the main pulse, reducing the propagation of the laser
field to deep within the solid-density target [16,30].
However, the observation of Hea emission from the rear
side of 0.5 and 1 pm targets [Fig. 1(b)] requires the creation
of He-like ions near the rear surface at depths greater than
those achievable by OFI under these circumstances.
Therefore, the bulk heating must be driven by a population
of energetic electrons generated within the laser skin
depth at the relativistic critical density surface, which
can propagate deep into the solid-density target.

Comparison of x-ray emission spectra obtained using
the 400 and 800 nm modes of the ALEPH laser give in-
sight into energetic electron dynamics and wavelength-
dependent heating mechanisms (Fig. 4). Rear-side x-ray
spectra of Cu foil targets irradiated at comparable inten-
sities  (22-3 x 102! W/cm?) produced significant Ka
signal at 800 nm and negligible rear-side He-like emission
from all target thicknesses. The difference in heating profile
is most obvious when comparing the rear-side emission
from 1 ym thick foils [Fig. 4(a)], where only He-like
emission was observed at 400 nm. For target thicknesses
> 5 um, both wavelengths produced similar rear-side
emission Ka emission lines. For all targets at 800 nm,
no He- or H-like emission was observed from the front
surface.
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While the absorption fraction from the 800 nm pulses
may be expected to exceed the 400 nm due to decrease in
laser contrast, increased absorption does not lead to an
increase in bulk plasma heating. Bulk heating at 800 nm is
reduced due to the existence of an amplified spontaneous
emission (ASE) generated low-density plasma at the target
surface [28,51], in which accelerated electrons propagate
before reaching the solid-density target. Strong front sheath
fields, which play a key role in controlling the transport
dynamics of refluxing electrons and, consequently, bulk
target heating, are also inhibited by this low-density
plasma. Sheath fields prevent hot electrons from escaping
the target, enabling round-trip recirculations within the
target until their energy drops below the sheath barrier or
the field vanishes [49,52]. The recirculation time is effec-
tively the sum of the laser pulse duration and the lifetime of
the sheath field, which is determined by the energy density
of refluxing electrons [53]. The most advantageous con-
ditions for bulk target heating are a combination of
lower energy hot electrons and strong sheath fields. At
800 nm, the predicted electron temperatures [54] are
Thor ~ 3.3 MeV, while at 400 nm, electron temperatures
are ~1.6 MeV. The lower energy electrons produced by the
400 nm laser are more easily trapped within the target
sheath fields, leading to an increase in energy deposition
and volumetric heating within the dense plasma [50,52].

The homogeneous, solid-density, multi-keV plasmas
produced in this Letter were used to examine ionization
potential depression (IPD) atomic models. In a plasma, the
electrostatic potential surrounding ions can be perturbed by
the free charges from neighboring ions and electrons, and
as a result, the energy required for further ionization can be
lowered compared to an equivalent isolated ion. Two
popular models of IPD in dense plasmas are Ecker and
Kroll (EK) [55] and Stewart and Pyatt (SP) [56]. Previous
experiments using the Linear Coherent Light Source and
the Orion laser have shown disagreement between which
model provides a more accurate description of IPD in dense
plasmas [10,57,58].

In order to study IPD in HED conditions, the spectral
range of the VHS was shifted to 9.5-12.5 keV. In Fig. 5,
experimental measurements of front-side Cu K-shell emis-
sion from 1 ym Cu foils with the 400 nm mode at
intensities of 2 x 10>! W/cm? (black) is compared with
SCRAM simulations using the SP (dashed red) and EK
(dash-dotted blue) models. The most apparent differences
between the models is in the relative intensity of the Hey
(10.39 keV) to the Hep (9.87 keV) or Lyf (10.29 keV)
lines; EK appears to overestimate the suppression of the
Hey compared to the Ly line at solid densities, whereas SP
predicts intensity ratios closer to those observed exper-
imentally. This is in agreement with previous results from
Hoarty et al. [10].

We have demonstrated the generation of homogeneous
HED plasmas using a high-contrast, 400 nm laser at
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FIG. 5. Front-side emission of 1 um Cu foils (black) compared

to SCRAM spectra using the SP (dashed red) or EK (dash-dotted
blue) models.

ultrarelativistic intensities. Analysis of K-shell emission
from thin copper targets indicates that solid-density plas-
mas are uniformly heated to multi-keV temperatures at
micron depths. SCRAM modeling and collisional PIC
simulations were in good agreement with experimental
data on the depth and temperatures of these laser-produced
plasmas. The significant bulk heating is attributed to the
refluxing of MeV electrons produced by the high-contrast,
400 nm mode under the action of target sheath fields. The
densities achieved in this Letter are orders of magnitude
higher than the inhomogeneous plasmas commonly gene-
rated by multipicosecond- to nanosecond-scale pulses with
densities near 102! — 10*2 cm™3 [59-61]. The conditions
generated at ALEPH are comparable in temperature and
ionization states to those obtained using kilojoule-class
picosecond laser systems [15]. Furthermore, the spatial
scale and extent of this heating is significantly greater than
previously reported [28,29]. Therefore, this Letter demon-
strates a novel experimental platform method for producing
homogeneous, micron-scale HED matter via short-pulse,
laser-solid interactions that is crucial for studying HED
states of matter.
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