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Short-pulse, laser-solid interactions provide a unique platform for studying complex high-energy-density mat-
ter. 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× 1021 W/cm2. High-resolution spectral analysis of
X-ray emission reveals uniform heating up to 3.0 keV over 1 µm depths. Particle-in-cell simulations indicate
the production of a uniformly heated keV plasma to depths of 2 µm. 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.

High-energy-density (HED) matter exists in extreme states
of temperature and density characterized by energy densities
exceeding 1011 J/m3 and pressures exceeding 100 GPa [1].
Elucidating the temperature, pressure, and density in these
HED environments is critical for understanding the physics of
stellar interiors [2–5] and the achievement of inertial confine-
ment fusion [6–8]. However, an accurate description of HED
conditions remains an experimental and theoretical challenge
due to the complex laser-plasma dynamics, heating mecha-
nisms, 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 equa-
tions of state, needed to benchmark atomic physics models
and simulations tools. In particular, the generation of ho-
mogeneous HED plasmas can minimize uncertainties in tem-
perature and density profiles [9–16]. One common method
to produce homogeneous HED conditions is the use of thin
(10s - 100s nm) buried tracer layers to mitigate longitudi-
nal gradients [9, 11, 17–19], however layered targets intro-
duce new complications due to fields at material interfaces
[20–22]. The generation of homogeneous, long length-scale,
solid-density plasmas using mid-scale, short-pulse (τ < 100
fs) ultra-intense laser facilities provides novel and accessible
platforms for detailed experimental studies of HED plasmas.

During relativistic laser-solid interactions, (Iλ 2 & 1018

Wcm−2µm2), electrons accelerated by the laser field to rela-
tivistic 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 (typ-
ically & 108 intensity contrast), the laser will interact with a
solid density target before significant hydrodynamic expan-

sion can occur. Studies using high-contrast Ti:Sapphire laser
systems in the second-harmonic (400 nm wavelength) focused
to intensities I ∼ 1019 W/cm2 have shown that the supra-
thermal (∼0.4 MeV) electrons can heat near-solid density
plasmas to approximately 100 eV over 5 µm lengths [28], or
to > 1 keV temperatures over 150 nm lengths [29]. At higher
intensities, (I > 1021 W/cm2) and contrast ratios (> 1012 in-
tensity 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 knowledge,
a uniformly heated, multi-keV, solid density plasma with mi-
cron scale lengths has not yet been demonstrated.

K-shell X-ray emission spectroscopy is a widely used di-
agnostic of the temperature, density, and hot electron dy-
namics of laser-produced plasmas [26, 29, 31–37]. During
the propagation of hot electrons through cold, neutral ma-
terial, cold inner-shell emission, e.g. Kα and Kβ , is pro-
duced 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. Heα and Lyα , are due to electronic tran-
sitions from highly-ionized atoms, namely from helium-like
and hydrogen-like ions for Heα and Lyα , respectively. These
highly-ionized atoms are typically generated within the ther-
mal plasma in the central hot-spot of the laser focus [33, 35].

In this Letter, we demonstrate the generation of uniformly
heated, multi-keV, solid-density plasmas through laser-solid
interactions using a high-contrast, 400 nm laser at intensi-
ties up to I = 2× 1021 W/cm2. High-resolution X-ray spec-
troscopy of K-shell emission from atoms ionized up to H-like
copper (Cu) indicate that solid-density plasmas were volumet-
rically heated to multi-keV temperatures over the first 2 µm.
The homogeneous heating by the 400 nm wavelength laser is
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FIG. 1. Front-side (a) and rear-side (b) Cu foil emission irradiated by the 400 nm laser at 2×1021 W/cm2. Lines represent three shot averages.
Inset of (a): Calculated normalized ratio of the j Li-like satellite to w Heα resonance. Gray cross-hatched bars in (b) denote regions outside
the dispersion range of the high-resolution spectrometer.

attributed to the generation of few MeV electrons with favor-
able conditions to become trapped and undergo refluxing in
within few-micron targets, as opposed to higher energy elec-
trons generated at 800 nm that experience less trapping, result-
ing 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 tar-
gets with the 400 nm 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± 0.2 µm FWHM to
obtain intensities of 2.9±0.8×1021 W/cm2 with an intensity
contrast of 1016 at times > 5 ps preceding the laser pulse. Cu
foils of 0.5 - 15 µm thickness were irradiated at normal inci-
dence. 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 µm FWHM,
producing intensities of 3.2± 0.5× 1021 with an intensity
contrast of 108 within 5 ps. Cu foils of 1 - 15 µm thick-
ness were irradiated at a 10◦ angle-of-incidence. Copper K-
shell spectra were measured using two spectrometers: (1) a
moderate-resolution (E/∆E ∼ 1000) von Hamos mica crystal
spectrometer (VHS) and (2) a high-resolution (E/∆E > 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 spherical crystal imager was fielded to obtain rear-side
Kα emission. Additional experimental details are provided in
the Supplemental Material [41].

Collisional-radiative modeling using the SCRAM code [42]
was used to determine plasma heating profiles through fit-
ting 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 µm ,
with electron and ion temperatures Te = Ti = T ranging from
0.1 - 4.0 keV. Layers with various temperature profiles were
stacked to simulate foils of different thicknesses. Global op-
tical 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) PIC simulations performed in VLPL
[43]. The simulations were initialized with singly ionized
species of solid-density 12 µm× 12 µm Cu targets of 1, 2,
and 5 µm thicknesses. A 7 J, 45 fs, 400 nm pulse with a spot
size of 1.5 µm FWHM, producing a peak laser intensity of
3× 1021 W/cm2, was simulated, where t = 0 fs corresponds
to the peak of the pulse arriving at the surface of the target.
Due to the high-contrast of the 400 nm ALEPH laser, no pre-
plasma 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. Fig.
1 (a) shows the front-side emission from Cu foils in which
ionic line emission, i.e. Heα (8.35 keV), Lyα (8.69 keV) and
Heβ (9.87 keV), was observed for all thicknesses, with an in-
crease in Li-like Cu for increasing target thicknesses. Cold
Kα (8.04 keV) and Kβ (8.91 keV) front-side emission were
only observed for targets thicker than 5 µm. In rear-side emis-
sion, He-like Cu was observed for 0.5 and 1 µm thick foils
(Fig. 1 (b)), while only a strong Kα doublet was observed
for thicker targets. When irradiated at lower laser intensities
(∼ 1020 W/cm2), the only observed front-side and rear-side
emission lines from all target thicknesses were Kα and Kβ .

Three emission lines have been marked in Fig. 1 (a) using
Gabriel’s notation [44]. These are the 1s2p 1P1 −→ 1s2 1S0
Heα resonance transition (w), the 1s2p 3P1 −→ 1s2 1S0 inter-
combination (y), and the Li-like dielectronic satellite ( j). The
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ratio of the front-side j/w emission describes the relative pop-
ulations of Li-like and He-like Cu [45, 46] and is plotted for
front-side emission as a function of target thickness in the in-
set of Fig. 1 (a). The normalized ratio of j/w was found to in-
crease for targets of 0.5, 1 and 5 µm thickness before plateau-
ing at 10 and 15 µm , indicating that the X-ray-weighted elec-
tron temperature Te decreases as the target thickness increases.

The presence of thermal Heα and Lyα emission in front-
side and rear-side spectra from ≤ 1 µm thick foils in Fig.
1 (a) indicates that foils were volumetrically heated to keV
temperatures by the 400 nm laser pulses. However, absence
of Heα in rear-side measurements of targets with thicknesses
≥ 5 µm (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 lines from
these ions [47]. Given the similar charge distribution of the
emitting plasma inferred from the front-side emission of vary-
ing thickness, the strong absorption of rear-side He-like emis-
sion observed for targets > 1 µm suggests that a region of hot,
opaque plasma exists over the first 1-5 µm of the plasma. Fur-
thermore, the front-side and rear-side Kα emission from ≥ 5
µm 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 func-
tion 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]. Fig. 2 (a) and (b) show front-side and
rear-side emission of 0.5 µm Cu foils, respectively, with a best
fit using a constant temperature of T = 3.5 keV. Fig. 2 (c) and
(d) show front-side and rear-side emission of 1 µm Cu foils,
respectively, with a best fit constant temperature of T = 3 keV.
However, constant temperature profiles did not reproduce both
the front-side and rear-side spectra for targets ≥ 5 µm; tem-
perature gradients were required to fit experimental measure-
ments. Fig. 2 (e) and (f) show front-side and rear-side emis-
sion of 5 µm foils, respectively, with best-fit temperature pro-
files 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 Fig. 3 (a) and (b), respectively.
The electron temperatures were calculated using the slope-
temperature of a Maxwellian fit to the electron energy dis-
tribution. Cu foils of 1 µm and 2 µm thickness were found
to have uniform temperature and density profiles of along
the laser axis of Te ' 5.5 keV and ne ' 1.54× 1024 cm−3,
and Te ' 3.5 keV and ne ' 1.47× 1024 cm−3, respectively.
Conversely, 5 µm targets exhibited average electron temper-
ature and density gradients, varying from Te ' 2.5 keV and
ne' 1.41×1024 cm−3 near the target surface to Te' 0.25 keV
and ne ' 0.94× 1024 cm−3 at a depth of 5 µm. The results
from PIC simulations indicate that homogeneous, multi-keV

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. Front-side (a)
and rear-side (b) spectra of 0.5 µm foil with constant temperature
of 3.5 keV. Front-side (c) and rear-side (d) spectra of 1 µm foil with
constant temperature of 3 keV. Front-side (e) and rear-side (f) spectra
of 5 µm foil with constant and variable profiles (inset).

plasma are heated over micron-scale depths, in good agree-
ment 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 (ne = 2.3×1024 cm−3 for He-like
Cu) while reaching temperatures Te > 3 keV.

Measurements of rear-side Kα emission were used to in-
fer the area of hot electron propagation and approximate the
bulk plasma heating volume [41]. Assuming that the average
FWHM area of 69±1 µm2 of Kα emission corresponds to the
region of multi-keV heating, the volume of uniform plasma
generated by the 0.5 µm and 1 µm targets are 35±1 µm3 and
69± 1 µm3, respectively. For solid density plasmas and a
Maxwellian electron distribution, the total energy within these
bulk plasma electrons is 68 mJ 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 Kα conversion efficiency, the absorp-
tion fraction of laser-to-hot-electrons is estimated to be 5-10%
[48], consistent with other results from high-intensity laser in-
teractions at normal incidence [49].

The generation of He-like and H-like Cu ions through OFI
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FIG. 3. 3D PIC results of 400 nm interaction. Electron temper-
ature (a) and density (b) as a function of depth for 1 µm (solid),
2 µm (dashed), and 5 µm (dash-dotted) targets.

require appearance intensities of 2×1020 W/cm2 and 7×1021

W/cm2, respectively. However, OFI only occurs within the
laser skin depth. At relativistic intensities, the laser pene-
tration depth is determined by the relativistic critical density
ncrit,rel = γncrit, where γ is the relativistic Lorentz factor and
ncrit = meω2

0 ε0e−2 is the non-relativistic critical density. At
400 nm, a relativistic factor of γ ≈ 11 leads to a relativis-
tic critical density of ncrit,rel ≈ 1023 cm−3, which remains an
order of magnitude below the electron densities produced in
solid-density He-like Cu (ne = 2.3× 1024 cm−3). The ultra-
high contrast of the ALEPH 400 nm mode minimizes foil ex-
pansion 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 Heα emission
from the rear-side of 0.5 µm and 1 µm 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 cir-
cumstances. 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 nm and 800 nm modes of the ALEPH laser give insight
into energetic electron dynamics and wavelength-dependent
heating mechanisms (Fig. 4). Rear-side X-ray spectra of Cu
foil targets irradiated at comparable intensities (≈ 2−3×1021

W/cm2) produced significant Kα signal at 800 nm and negli-
gible rear-side He-like emission from all target thicknesses.
The difference in heating profile is most obvious when com-
paring the rear-side emission from 1 µm thick foils (Fig. 4
(a)), where only He-like emission was observed at 400 nm.
For target thicknesses ≥ 5 µm , both wavelengths produced
similar rear-side emission Kα emission lines. For all targets
at 800 nm, no He-like or H-like emission was observed from
the front surface.

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

FIG. 4. Rear-side spectra of 1 µm (a), 5 µm (b), 10 µm (c), and 15
µm (d) thick Cu foil targets from 800 nm (dashed red) and 400 nm
(solid blue) interactions.

bulk plasma heating. Bulk heating at 800 nm is reduced due to
the existence of an ASE-generated low-density plasma at the
target surface [28, 50], in which accelerated electrons prop-
agate 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 [48, 51].
The recirculation time is effectively the sum of the laser pulse
duration and the lifetime of the sheath field, which is deter-
mined by the energy density of refluxing electrons [52]. The
most advantageous conditions for bulk target heating are a
combination of lower energy hot electrons and strong sheath
fields. At 800 nm, the predicted electron temperatures [53]
are Thot ' 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 volu-
metric heating within the dense plasma [49, 51].

The homogeneous, solid-density, multi-keV plasmas pro-
duced in this work were used to examine ionization poten-
tial depression (IPD) atomic models. In a plasma, the elec-
trostatic potential surrounding ions can be perturbed by the
free charges from neighboring ions and electrons, and as a re-
sult 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 Kröll (EK) [54] and
Stewart and Pyatt (SP) [55]. 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, 56, 57].

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, ex-



5

perimental measurements of front-side Cu K-shell emission
from 1 µm Cu foils with the 400 nm mode at intensities of
2×1021W/cm2 (black) is compared with SCRAM simulations
using the SP (dashed red) and EK (dash-dotted blue) mod-
els. The most apparent differences between the models is
in the relative intensity of the Heγ (10.39 keV) to the Heβ

(9.87 keV) or Lyβ (10.29 keV) lines; EK appears to overes-
timate the suppression of the Heγ compared to the Lyβ line
at solid densities, whereas SP predicts intensity ratios closer
to those observed experimentally. This is in agreement with
previous results from Hoarty, et al. [10].

FIG. 5. Front-side emission of 1 µm Cu foils (black) compared to
SCRAM spectra using the SP (dashed red) or EK (dash-dotted blue)
models.

We have demonstrated the generation of homogeneous
HED plasmas using a high-contrast, 400 nm laser at ultra-
relativistic intensities. Analysis of K-shell emission from thin
copper targets indicates that solid-density plasmas are uni-
formly 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 tem-
peratures 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 work
are orders of magnitude higher than the inhomogeneous plas-
mas commonly generated by multi-ps to ns-scale pulses with

densities near 1021−1022 cm−3 [58–60]. The conditions gen-
erated at ALEPH are comparable in temperature and ioniza-
tion states to those obtained using kJ-class picosecond laser
systems [15]. Furthermore, the spatial scale and extent of
this heating is significantly greater than previously reported
[28, 29]. Therefore, this work demonstrates a novel experi-
mental 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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