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Extreme ionization of heavy atoms in solid-density
plasmas by relativistic second-harmonic laser

pulses

R. Hollinger®'%<, S, Wang', Y. Wang', A. Moreau
E. Bayarsaikhan?, V. Kaymak#*, A. Pukhov

Stripping heavy atoms in solid matter of most of their elec-
trons requires the extreme conditions that exist in astrophysi-
cal plasmas, but are difficult to create in the laboratory':.
Here we demonstrate solid-density gold plasmas with atoms
stripped of up to 72 electrons (N-like Au’?*) over large target
depths. This record ionization is achieved by irradiating solid
foils and near-solid-density nanowire arrays with highly rela-
tivistic (3 x 10 W cm~2) second-harmonic femtosecond laser
pulses of <10J energy focused into a 1.6 um spot. The short
wavelength and high intensity enable the interaction to occur
at a relativistic critical density** of 1022cm3. Solid targets
reach a higher average charge in 1- to 2-um-thick layers, while
the less dense nanowire plasmas are heated to much larger
depths (>8um) by energetic electrons generated near the
nanowire tips. Larger laser spots could result in solid Au plas-
mas ionized up to He-like.

Extending the accessible states of matter in the laboratory into
extreme unexplored regimes can provide a new understanding of
the behaviour of atoms in such environments, leading to the discov-
ery of new phenomena and applications. The ability to generate data
from solid-density plasmas with unprecedented degrees of ioniza-
tion will provide much needed benchmarks to extend the capabil-
ity of models to simulate ultrahigh energy density states of matter.
For example, a comparison of high-resolution X-ray spectra with
advanced atomic codes could lead to new insights into the behav-
iour of extremely charged atoms in intense micro-fields and also
address new questions on the physics of these ions in solid-density
environments. Au atoms at densities over 10 orders of magnitude
below solid density have been ionized up to the Ne-like stage (Au®*)
by collisions with a high-energy electron beam while being trapped
in a potential well, producing high-quality L-shell spectra over
a broad range of high ion charges®’. Achieving similar degrees of
ionization in near-solid-density plasmas requires the deposition of
ultrahigh energy densities, leading to extreme temperatures and
high collisional ionization rates. High degrees of ionization have
been achieved in dense plasmas driven by laser pulse energies of
several hundred joules to kilojoules. Experiments conducted at the
OMEGA laser using 9 kJ pulses of nanosecond duration to heat a
reduced-scale ‘hot’ hohlraum revealed strong L-shell Au emission
with an average charge state of Ti-like Au*’* and an inferred tem-
perature of 6.5keV at an electron density of 10 cm™ (ref. °). For
mid-atomic-number (Z) elements such as Ni, measurements per-
formed at intensities up to 5x 10 W cm2 with 400 J pulses of 0.8 ps

4, V. N. Shlyaptsev' and J. J. Rocca

1, M. G. Capeluto®'? H. Song®', A. Rockwood?,

13X

duration revealed emission from the He-a and Ly-o transitions
and a surface temperature of 5keV decreasing to 600eV at a depth
of 1.3um (ref. ®). Temperatures of 600eV in Al foils buried under
10pm of CH were measured by K-shell emission spectroscopy
when irradiated by 100 J pulses of 0.5 ps duration’. Buried Cu trac-
ers irradiated at an intensity of >10* W cm= (1407, 1.053 pm, 500 fs
duration) at the Titan short pulse laser exhibited a large amount of
He-like emission with an estimated surface temperature of 2,100eV
(ref. ). Experiments irradiating 12% solid-density Au nanowire
arrays at an intensity of 5X 10" W cm™ generated plasmas ionized
to charge states up to Au*** (ref. ).

Here we demonstrate the generation of solid- and
near-solid-density Au plasmas characterized by L-shell line emis-
sion from atoms ionized up to the N-like state Au’>*, an unprece-
dented degree of ionization for dense laboratory plasmas. Moreover,
this was achieved using femtosecond laser pulses of less than 10]
energy, which can be generated at high repetition rates. The experi-
mental results were obtained using high-contrast second-harmonic
A=400nm laser pulses focused to a highly relativistic intensity of
~3%x10* W cm™, corresponding to a normalized vector potential
of the laser field of a,=18.6. At this intensity, relativistic effects
increase the critical electron density (n,) by a factor of y~13 to

Ao X 102 cm™ (1, o = Yoy Telativistic factory = /1 + a—z‘%). This
increase in the critical density makes it is possible to volumetrically
deposit energy generating highly ionized atoms deeper into over-
dense media. We compare results from solid slab targets to those
obtained when irradiating nanowire arrays, which previous studies
at lower intensities have shown to result in enhanced X-ray emis-
sion'>'%. We show that, at these highly relativistic intensities, it is
possible to volumetrically heat solid-density plasmas to depths
of >1pm (with an estimated energy deposition density of up to
10GJcm™) and aligned nanowire arrays with 15% solid density to
depths >8 um. For nanowires, the average volumetric energy den-
sity approaches 100 GJ cm™, an ultrahigh energy density regime that
is virtually unexplored in laboratory plasmas. Three-dimensional
(3D) particle-in-cell (PIC) simulations show that the mechanism of
energy deposition deep into the nanowire target differs from those
at lower irradiation intensity and is dominated by energetic elec-
trons accelerated near the target surface.

The experiments were conducted by irradiating gold foils and
nanowire arrays with a frequency-doubled Ti:sapphire laser'” deliv-
ering ultrahigh-contrast (>10'?), A=400 nm pulses of 45 fs duration
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Fig. 1] L-shell emission from solid-density Au foils and Au nanowire
arrays. L-shell emission from solid-density Au foils (blue curve) and
100-nm-diameter Au nanowire arrays at 15% of solid density (red curve)
irradiated at 3x 102 W cm~2 Line emission from charge states including
Ne-like Au®®t, F-like Au’°t, O-like Au’™* and N-like Au’?* is observed for
both targets. The line feature near 10.92 keV has contributions of N-like
Au’?* and O-like Au’™. The charge state distribution is centred around
Al-like Au®®* for the nanowire plasma and Ne-like Au®* for the solid

foil plasma.

on target. The use of second harmonics suppresses laser pre-pulses
and leads to higher critical densities and, consequently, increased
collisional rates. The L-shell emission of Au was monitored using a
moderate-resolution (E/AE = 1,000) Von Hamos mica crystal spec-
trometer. Figure 1 shows spectra corresponding to both a Au foil
target and a 100-nm-diameter Au nanowire array with 15% of solid
density. Both targets display emission from the Ne-like Au transi-
tion, at 10,525 eV as well as lines corresponding to higher ionization
stages up to N-like Au’**. The average charge state is measured to
be Al-like Au®** for nanowires and at Ne-like Au®* for solid tar-
gets, which is substantially higher than reported in previous work.
Simulated spectra computed with the hydrodynamic/atomic phys-
ics code RADEX using initial conditions from the PIC simulations
agree with the experiment in showing line emission from ions up to
N-like Au’** (Extended Data Fig. 1).

The energy penetration depth at this intensity was measured by
monitoring the He-a line emission (Fig. 2a-d) from a buried Ni
tracer under a variable amount of solid Au (inset, Fig. 2e). Figure 2c
shows that He-like Ni line emission is still visible when the Ni tracer
is under 1 pm of solid Au. A summary of the He-like Ni emission
intensity versus buried depth is plotted in Fig. 2e. The much larger
laser heat penetration in the nanowire arrays was demonstrated
using an array of dual-composition 100-nm-diameter wires with
15% of solid density consisting of an 8-pm Au nanowire segment
on top of a 3 pm Ni segment. The He-like Ni lines are still visible
under 8 pm of Au, revealing that the nanowire plasmas are signifi-
cantly larger in volume than the solid-density target plasmas. This
was simultaneously measured to contribute to an increase in the
hv>1keV X-ray emission with respect to the foil targets (Extended
Data Fig. 2) due to the increase in hydrodynamic cooling time com-
pared with the plasma radiative lifetime.
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PIC simulations show that, at these highly relativistic intensi-
ties, the mechanism by which energy is deposited deep into the
dense array of small-diameter nanowires differs from that at lower
intensities, where laser light penetrates deep into the interwire
gaps''. Figure 3 shows the results for a 15% solid-density array
of 100-nm-diameter Au nanowires. The electron density in units
of n.;=6.9x10"cm™ (Fig. 3a-c), the electric field propagation
(Fig. 3d-f) and the ionization state (Fig. 3g-i) are shown for three
different times: —30fs, 0fs and +1,000 fs with respect to the peak of
the laser pulse. Initially, the electric field of the laser propagates in
the interwire gap down the length of the wire, accelerating electrons
towards the substrate (Fig. 3a). As the laser intensity increases, a
large electric field at the nanowire tips drives optical field ionization
up to Ne-like Au®* and accelerates the electrons towards the sub-
strate (Fig. 3h). The nanowires begin to pinch due to a quasi-static
self-generated magnetic field generated by the return electron cur-
rent'® through the wires, and the peak electron density within the
wires exceeds 1,000n,,, (Fig. 3¢). The wire tips are rapidly heated
by electron collisions and explode before the peak of the laser pulse
arrives (Fig. 3b), filling the gaps with an overdense plasma greater
than 15 times the critical density, which is higher than even the rela-
tivistic critical density. After this time, the laser can no longer prop-
agate into the nanowire array. However, the laser heats up the thin
surface layer, depositing a majority of the energy into a thin slab of
overdense plasma, which reaches a peak electron energy density of
>1,000 GJ cm™ (Extended Data Fig. 3). Energetic electrons emanat-
ing from this layer propagate down the length of the wires, deposit-
ing their energy into the array and ionizing atoms up to the N-like
stage in the entire volume. The average degree of ionization, Al-like
Au*, is lower than in the solid-density plasmas, but the plasma
depth is nearly an order of magnitude higher, in agreement with the
experimental observations.

In contrast to the nanowire target, the solid-density target vol-
ume is overdense for the entire duration of the laser pulse. The laser
energy is absorbed mainly by collisionless processes'’ with electrons
and ions in a layer that is much thinner than the nanowire-array
skin depth, causing less efficient energy absorption. A large popula-
tion of energetic electrons generated within the skin depth trans-
port the energy deep into the solid-density target, where current
filaments give rise to Weibel instabilities** (Extended Data Fig. 4). In
the 3D PIC simulation for solid-density Au slab targets presented in
Fig. 4, the ionization of atoms to high charge states at +-500fs after
the peak of the laser pulse is computed to propagate ~2 um into the
target, a value similar to that inferred from spectral measurements.
This is in contrast to solid-density foils irradiated at much lower
intensity, where only a thin layer is heated”'. This larger depth of
heated solid-density plasma increases the hydrodynamic expansion
time, resulting in a new volumetrically heated solid-density plasma
regime with an extreme degree of ionization. At non-relativistic
intensities, the second or third harmonic of optical lasers is usually
used to increase the absorption in flat targets at normal incidence.
By comparison, the combination of the second harmonic with the
relativistically modified critical density increases n,, to ~10%cm™,
corresponding to that of the 10th harmonic of a 1 pm laser, effec-
tively increasing absorption. Although the overall absorption of flat
solid targets is still smaller than for nanowires, its increase, along
with the increase in collisional rate, allows solid targets to reach and
even surpass the average Z in nanowires. Instead, it has been shown
previously that, at lower intensities, solid targets generate much
lower temperatures and lower ionization degrees than nanowires.
The study of the plasma dynamics predicted by the PIC simulation
will require ultrafast probes. For example, the intense femtosecond
pulses from X-ray free-electron lasers will allow for Thomson scat-
tering measurements of the plasma parameters once petawatt-class
lasers capable of generating the plasmas reported here are imple-
mented at those facilities.
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Fig. 2 | Energy penetration depth determined with buried layer spectroscopy. a-d, Single-shot spectra of Ni tracer (blue) buried under varying amounts
of gold (0.5pm (@); Tum (b) and 1.5um (€)) compared with the spectra of a pure Au foil (d). Pure Ni foil reference spectra are plotted in red in each plot.
e, Integrated He-like Ni intensity versus Au thickness. Inset: structure of the targets used in the tracer experiment. f, Spectra showing the much deeper
heat penetration depth in the nanowire (NW) array, corresponding to segmented 100-nm-diameter Au nanowires that are 8um in length with an average

density corresponding to 15% solid on top of 3pm of Ni nanowires.

Simulations also predict that irradiation of solid targets with the
same intensity over a larger spot using the upcoming new genera-
tion of multi-petawatt lasers will create solid-density plasmas with
atoms ionized up to He-like Au (Extended Data Fig. 5) over even
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larger penetration depths. This will result from the reduced plasma
expansion rate associated with the larger plasma volume main-
taining an extremely hot plasma with a density close to the rela-
tivistic critical density, for a longer time. The minimum spot size
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Fig. 3 | PIC simulation results for a 15% solid-density array of 100-nm-diameter Au nanowires. a-i, 3D PIC simulations for an array of 100-nm-diameter
Au nanowires with an average density corresponding to 15% solid density showing the evolution of the driving electric field (a-c), electron density

(d-f) and ionization state (g-i) at three different times: 30 fs preceding the peak of the laser pulse (a,d,g), at the peak of the laser pulse (b,e,h) and
+1,000fs afterwards (c,f,i). The electron density is plotted in units of n,, (6.87 x10% cm=3 for =400 nm) and only for densities >15n.

necessary to reach the He-like ionization state is estimated to be plasmas will also enable applications such as beams of highly
~5um. These unprecedented degrees of ionization in solid-density ~ charged particles and more efficient X-ray radiation sources.

and near-solid-density nanostructure plasmas will open the door

to the study of the atomic physics of highly charged atoms in very ~ Online content

high-density plasmas, including, for example, phenomena such as  Any methods, additional references, Nature Research reporting
line broadening, line shifts and continuum lowering. These unique  summaries, source data, extended data, supplementary information,
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Methods

Experimental. The experiments were conducted using laser pulses from the
petawatt-class ALEPH Ti:sapphire laser developed at Colorado State University.
The pulses were compressed to 45 fs and were subsequently frequency-doubled
using an 800-pm-thick type 1 second-harmonic-generation potassium diphosphate
crystal. A contrast >10'2 is obtained after the second harmonic is separated from
the fundamental using a series of five dichroic mirrors. A deformable mirror was
used before the compressor to correct static aberrations in the wave front. The
pulses were focused by an f/2, 45° off-axis parabola to achieve an intensity of up

to 3 102 W cm™ on target. Single-shot X-ray spectroscopy was performed using
amica crystal (2d=19.84 A) with a radius of curvature of 40 mm in a Von Hamos
configuration in the third order. The spectrographs were recorded on a Fujifilm
BAS MS image plate and read out immediately after every shot to avoid fading. The
spectra are single shot. The experiment has good reproducibility (for example, see
Extended Data Fig. 6 for three consecutive single-shot spectra obtained under the
same irradiation conditions). Measurement of the energy penetration depth into
the target was conducted by monitoring the ionized K shell of a buried Ni layer
seen in the third order of a mica crystal. The L shell of Au is also present from

the fourth order of the mica crystal, which has a significantly lower integrated
reflectivity?’. The L-shell spectra were calibrated using the well-resolved He-like
and H-like transitions from the K shell of Ge at 10,274 eV and 10,569 eV (Extended
Data Fig. 7). The X-ray yield was simultaneously measured using a filtered Si
photodiode (AXUV100-G, International Radiation Detectors). A photodiode with
a 13-pum-thick Be filter was placed 2.5 m from the plasma at 45° with respect to

the target normal to monitor the hv>1keV X-ray emission. Large surface areas of
high-aspect-ratio, aligned nanowires were fabricated through electrodeposition of
Ni and Au into anodic aluminium oxide wafers.

PIC simulations. Both the solid-density and nanowire-array plasmas were
simulated with a relativistic 3D PIC code Virtual Laser Plasma Laboratory*. This
code is the same as that used to perform nanowire plasma simulations in ref. ',
with atomic data added for high-Z elements. The spectra were simulated using the
radiative/hydrodynamic code RADEX*, with detailed atomic physics using data
from the HULLAC code®. The PIC code standard algorithms were extended by
packages for optical field ionization (OFI) and binary collisions, including electron
impact ionization. OFI was treated as an under barrier tunnelling phenomenon

in the static electric field***, with only sequential field ionization considered. The
probabilities for Coulomb collisions between all particles in one mesh cell were
calculated by a binary collision package. PIC simulations utilized a 3D geometry
and self-consistently included ionization physics. A linearly polarized plane

wave with A=400nm and temporal Gaussian pulse profile with a duration of

45 fs full-width at half-maximum (FWHM) was used to simulate the laser pulse
with the normalized vector potential a, = eA/(mc*)=21 for a laser intensity

of 4% 10* W cm™ The laser impinged on the nanowire array and solid-density
target at normal incidence. The PIC simulation space consisted of a cell volume
encompassing the wire and interwire gaps, as well as space above the target to allow
for expansion as it thermalized.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding authors upon reasonable request.
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Code availability
The computer programs that support the findings of this study can be made
available upon reasonable request to the corresponding authors.
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Extended Data Fig. 1| Simulated Au spectrum. Simulated Au spectrum corresponding to solid flat gold target irradiated at an intensity of 4x10?' Wem=.
Best agreement with the experimental spectrum is obtained when lines from F-like to N-like Au are shifted down in energy by ~0.4%. Similar shifts were
necessary in ref. 7 when comparing the calculated Au line energies with the measurement. The spectrum was computed using transient calculations
performed with the atomic physics/hydrodynamic code RADEX using initial plasma parameters computed by the PIC simulations. The RADEX code uses
detailed atomic data from the Hebrew University Lawrence Livermore Atomic Code (HULLAC) (ref. %°). It was run using 200 to 1500 levels per ion from
Cu-like (Au®%+) to B-like (Au”*) to accurately simulate the large number of transitions from the L shell configuration. The simulated spectrum shows
emission of all the observed lines for charge states from Ne-like to N-like Au.
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Extended Data Fig. 2 | Ratio of X-ray emission between nanowire and solid-density targets. Ratio of X-ray emission at photon energies > 1keV from an
Au nanowire target (100 nm diameter nanowire array, 15 % solid density) to Au solid foil target as a function of irradiation intensity.
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Extended Data Fig. 3 | Computed electron energy density. Computed electron energy density for an array of 100 nm diameter Au nanowire array (15%
solid density) plotted for three different times with respect to the peak of the laser pulse (=30fs, O fs and +160fs). Irradiation intensity 4x102' Wem=2.
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Extended Data Fig. 4 | High-resolution 3D particle in cell simulation of solid-density ionization. Predicted ionization stage for an infinite (periodically
bounded in the transverse direction) solid Au flat target at +30fs following the peak of the laser pulse.
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Extended Data Fig. 5 | Computed ionization for a 5 micron diameter laser spot. Computed ionization state as a function of target depth for a solid-density
Au foil irradiated at an intensity of 4x102 Wem=2 with a 5 um FWHM diameter focal spot showing atoms ionized up to He-like Au+.
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Extended Data Fig. 6 | Shot to shot reproducibility. Three consecutive single shot Au L shell spectra from an Au foil normalized by the Ne-like Au line
emission showing good shot to shot reproducibility.
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Extended Data Fig. 7 | Ge K-shell spectrum used to calibrate Au L-shell. K-shell spectrum of the Ge plasma used to calibrate the Von Hamos
spectrometer in the 9.7-11.2 keV spectral range. The plasma was generated irradiating a 17 um thick Ge wafer at an intensity of 3x102' W cm~2.
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