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Project abstract/summary 

This project investigated the ultra-high energy density (UHED) regime of matter 
found in the center of stars, using a compact PW-class laser. These extreme conditions 
are typically only obtained in the laboratory in the central hot-spot of spherically 
imploded capsules in inertial confinement fusion experiments driven by the world’s 
largest lasers. We have shown that near-solid density arrays of aligned 
nanostructures can be volumetrically heated to multi-keV temperatures by 
irradiation at relativistic intensity with ultrafast laser pulses of modest energy, 
opening a path for the generation of UHED plasmas with compact lasers. This new 
UHED plasma generation approach promises to create an environment with extreme 
energy densities and degrees of ionization, record conversion of optical laser light 
into ultrafast x-ray pulses, gigantic magnetic fields and pressures, and directed beams 
of high energy particles .   

  In this project we achieved record degree of ionization in volumetric heating 
solid density and near-solid density plasmas.  Gold plasmas which spectra is 
characterized by L shell transition emission from ions with charge up to the Ne-like 
state, Au+72  were generated using ultrafast laser pulses of less than 10 J of energy 
from a compact laser focused to an intensity of ~ 3x1021 Wcm-2. (R. Hollinger et al. 
Nature Photonics, 14, 607, (2020)).  We also conducted measurements to determine 
the heat penetration depth in Ni nanowire arrays as compared to Ni foil targets  by 
monitoring the line emission of a Co buried tracer underneath a variable amount of 
Ni.  The measurements revealed that the nanowire plasmas are roughly six times 
larger in depth than the solid density target plasmas. (C. Bargsten et al. Science 
Advances, 3 , e1601558 (2017)). A result of this increased plasma in nanowire 
arrays is a greatly increased conversion of optical laser light into > 1 KeV x-rays,   (R. 
Hollinger et al. Optica, 4, 1344,  (2017)), a record conversion efficiency of 20 %.  

  Critical to the realization of the proposed experiments was the generation of 
ultrafast laser pulses with ultra-high contrast that can deposit the energy deep into 
the nanowire arrays before the nanowires explode to create a continuous plasma. 
Supporting the proposed experiments was the recent demonstration at Colorado 
State University of a Petawatt-class laser that emits 30 fs pulses at high repetition 
rates. The experiments combined this unique laser tool with a variety of tailored 
nanowire arrays fabricated in house and with an extensive suite of diagnostics.  The 
experiments were accompanied by 3-dimensional particle-in-cell simulations and 
detailed atomic physics simulations with transient kinetics and radiation transport. 
The proposed research allowed us to continue training Ph.D students and post-docs 
with broad experience in HEDP Science.  
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What was accomplished under these goals?  
The main results obtained are briefly summarized below, and in full extent in the  

published journal papers, three of which are attached.    
We have achieved volumetric heating of solid density and near-solid density gold 

plasmas characterized by L shell transition array spectra with emission from ions 
with charge up to the Ne-like state, Au+72 using ultrafast laser pulses of less than 10 J 
of energy from a compact laser focused to an intensity of 3x1021 Wcm-2. (R. Hollinger 
et al. Nature Photonics, 14, 607, (2020)).  We also conducted experiments using Ni 
nanowire arrays and Ni foils targets that led to the observation of H-like emission 
exceeding half the intensity of the He-like transitions. The results show that at these 



intensities (𝑎𝑎𝑜𝑜~19) it is possible to volumetrically heat solid targets to depths of 
>1um, and aligned nanowire plasmas with 17 %  solid density to > 6um in depth .The 
study shows that while solid foil targets reach slightly higher degree of ionization at 
these highly relativistic irradiation intensities due to an increased collision excitation 
rate, the much larger plasma volume from irradiating arrays of nanowires results in 
one order of magnitude higher conversion efficiency into > 1 KeV x-rays. These 
conditions are found to exist in a significant volume-- up to a micron in depth in solid 
density targets and up to 6um in depth in ordered nanowire arrays.  

A distinguishing feature of nanowire arrays as compared with solid targets is 
extended volumetric hearing.  During this project we conducted measurements to 
determine the heat penetration depth in Ni nanowire arrays as compared to Ni foils 
by monitoring the line emission of a Co buried tracer underneath a variable amount 
of Ni (C. Bargsten et al. Science Advances, 3 , e1601558 (2017))  The Ly-α and He-
α spectral emission from the Co tracer was monitored while varying the thickness of 
the nickel layer. These materials were chosen since they differ by a Z of one. The He-
like Co line intensity was observed to decrease with respect to the He-like and H-like 
Ni lines as the Ni top layer increases in thickness. When the Co is underneath 1um of 
Ni, the Co He lines are still visible indicating a penetration depth of slightly greater 
than 1um in solid density Ni. This increase in the heat penetration depth is, at least in 
part, due the modification of the critical electron density from relativistic 
transparency. While the critical electron density for 𝜆𝜆=400nm is 6.87x1021 cm-3 , at 
𝑎𝑎𝑜𝑜=20 corresponding to this experiments the relativistically corrected value exceeds 
1x1023 cm-3 , allowing for significantly higher penetration depth of the laser energy 
into the solid density and nanowire targets. Measurements were also conducted for 
nanowire arrays consisting of 55nm diameter dual composition  (Ni-Co) wires at 12% 
of solid density with 6um of Ni on top of 3um of Co for comparison. The He-like Co 
lines are visible still under 6um of Ni at an intensity of 4x1021Wcm-2 revealing that 
the nanowire plasmas are roughly six times larger in depth than the solid density 
target plasmas.  

Another result obtained in this investigation of nanowire arrays plasmas is the 
greatly increased conversion of optical laser light into > 1 KeV x-rays.  (R. Hollinger 
et al. Optica, 4, 1344,  (2017)). The efficient conversion of optical laser light into 
bright ultrafast x-ray pulses in plasmas is of high interest for dense plasma physics 
studies, material science, and other fields. However, the rapid hydrodynamic 
expansion that cools hot plasmas typically limits the conversion efficiency (CE) of 
conversional plasmas to 1% or less.  In this project we demonstrated a more than an 
order of magnitude increase in x-ray CE by tailoring near solid density plasmas to 
achieve a large radiative-to-hydrodynamic energy loss rate ratio, leading into a 
radiation loss dominated plasma regime. A  record CE into h𝜈𝜈 > 1keV photons of ~ 
20% in 4π sr was measured volumetrically heating arrays of large aspect ratio Au 
nanowires to keV temperatures with ultrahigh contrast femtosecond laser pulses of 
relativistic intensity.  

The lateral extent of these multi-keV radiation plasma sources was measured by  
monitoring the x-ray source size with point projection radiography on a tungsten 
carbide (WC) sphere. The sphere suffers no parallax and is sufficiently high Z to block 



x-rays from propagating through it. By observing the width of the penumbra, it is 
possible to calculate the x-ray source size.  Radiographs of a 500um WC sphere setup 
placed at approximately 6cm from the plasma were obtained for both  a solid density 
target and for a nanowire target.  A filter consisting of 13um of Be and 50um of Al was 
placed in front of the CCD to filter out photons <6keV. The lineout of the edge of the 
sphere is plotted for both targets and deconvolved with the magnification of the 
imaging system to show the source size. The source size is found to be 6um for the 
solid density target while it is 10um for the nanowire array target, a ratio of 2.7 for 
surface area. This can be explained by the fact that the diffusive heat wave propagates 
laterally with a velocity proportional to 1/�𝑛𝑛𝑒𝑒 .  For the nanowire plasma measured 
at 15% of solid density, the heat wave propagates at a velocity 2.5 faster than a solid 
density plasma at the same temperature. The potential of these bright ultrafast table-
top point x-ray sources in imaging applications was illustrated with single shot flash 
radiographs obtained with very low laser pulse energy. These results will enable the 
deployment of brighter laser-driven x-ray sources at both compact and large laser 
facilities.   

In summary, experiments were conducted irradiating arrays of ordered 
nanowires of solid Au and Ni targets and solid foils of the  same materials. The results 
obtained demonstrate that highly relativistic femtosecond laser pulses of only 10 J 
energy can volumetrically deposit energy deep into solid density and near solid 
density plasmas characterized by record high degree of ionization (e.g. N-like Au , 
Au+72).  The study shows that while solid foil targets reach slightly higher degree of 
ionization at these highly relativistic irradiation intensities, the heat penetration 
depth and therefore the volume of plasma heated is several times larger in the 
nanowire targets, resulting in more efficient conversion into x-rays.  A  record 20% 
CE into h𝜈𝜈 > 1keV photons in 4π sr was measured volumetrically irradiating arrays of 
large aspect ratio Au nanowires with ultrahigh contrast femtosecond laser pulses of 
relativistic intensity .  
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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 laboratory1–3. 
Here we demonstrate solid-density gold plasmas with atoms 
stripped of up to 72 electrons (N-like Au72+) over large target 
depths. This record ionization is achieved by irradiating solid 
foils and near-solid-density nanowire arrays with highly rela-
tivistic (3 × 1021 W cm−2) second-harmonic femtosecond laser 
pulses of <10 J energy focused into a 1.6 µm spot. The short 
wavelength and high intensity enable the interaction to occur 
at a relativistic critical density4,5 of 1023 cm−3. Solid targets 
reach a higher average charge in 1- to 2-µm-thick layers, while 
the less dense nanowire plasmas are heated to much larger 
depths (>8 µm) 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 (Au69+) 
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 charges6,7. 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 Au57+ and an inferred tem-
perature of 6.5 keV at an electron density of 1021 cm−3 (ref. 3). For 
mid-atomic-number (Z) elements such as Ni, measurements per-
formed at intensities up to 5 × 1020 W cm−2 with 400 J pulses of 0.8 ps  

duration revealed emission from the He-α and Ly-α transitions 
and a surface temperature of 5 keV decreasing to 600 eV at a depth 
of 1.3 μm (ref. 8). Temperatures of 600 eV in Al foils buried under 
10 μm of CH were measured by K-shell emission spectroscopy 
when irradiated by 100 J pulses of 0.5 ps duration9. Buried Cu trac-
ers irradiated at an intensity of >1020 W cm−2 (140 J, 1.053 μm, 500 fs 
duration) at the Titan short pulse laser exhibited a large amount of 
He-like emission with an estimated surface temperature of 2,100 eV 
(ref. 10). Experiments irradiating 12% solid-density Au nanowire 
arrays at an intensity of 5 × 1018 W cm−3 generated plasmas ionized 
to charge states up to Au52+ (ref. 11).

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 Au72+, an unprece-
dented degree of ionization for dense laboratory plasmas. Moreover, 
this was achieved using femtosecond laser pulses of less than 10 J 
energy, which can be generated at high repetition rates. The experi-
mental results were obtained using high-contrast second-harmonic 
λ = 400 nm laser pulses focused to a highly relativistic intensity of 
~3 × 1021 W cm−2, corresponding to a normalized vector potential 
of the laser field of a0 = 18.6. At this intensity, relativistic effects 
increase the critical electron density (ncrit) by a factor of γ ≈ 13 to 

ncrit rel ≈ 1023 cm−3 (ncrit rel = γncrit; relativistic factor γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2o

2

q

I
). 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-
sion12–16. We show that, at these highly relativistic intensities, it is 
possible to volumetrically heat solid-density plasmas to depths 
of >1 μm (with an estimated energy deposition density of up to 
10 GJ cm−3) and aligned nanowire arrays with 15% solid density to 
depths >8 μm. For nanowires, the average volumetric energy den-
sity approaches 100 GJ cm−3, 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 laser17 deliv-
ering ultrahigh-contrast (>1012), λ = 400 nm pulses of 45 fs duration 
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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/ΔE ≈ 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 Au72+. The average charge state is measured to 
be Al-like Au66+ for nanowires and at Ne-like Au69+ 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 Au72+ (Extended Data Fig. 1).

The energy penetration depth at this intensity was measured by 
monitoring the He-α 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 μm 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-μm Au nanowire segment 
on top of a 3 μm Ni segment. The He-like Ni lines are still visible 
under 8 μm 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 > 1 keV 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.

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 
gaps11. Figure 3 shows the results for a 15% solid-density array 
of 100-nm-diameter Au nanowires. The electron density in units 
of ncrit = 6.9 × 1021 cm−3 (Fig. 3a–c), the electric field propagation  
(Fig. 3d–f) and the ionization state (Fig. 3g–i) are shown for three 
different times: −30 fs, 0 fs 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 Au69+ 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-
rent18 through the wires, and the peak electron density within the 
wires exceeds 1,000ncrit (Fig. 3e). 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−3 (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 
Au66+, 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 processes19 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 instabilities20 (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 +500 fs after 
the peak of the laser pulse is computed to propagate ~2 µm 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 heated21. 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 ncrit to ~1023 cm−3, 
corresponding to that of the 10th harmonic of a 1 μm 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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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 

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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necessary to reach the He-like ionization state is estimated to be 
~5 µm. These unprecedented degrees of ionization in solid-density 
and near-solid-density nanostructure plasmas will open the door 
to the study of the atomic physics of highly charged atoms in very 
high-density plasmas, including, for example, phenomena such as 
line broadening, line shifts and continuum lowering. These unique 

plasmas will also enable applications such as beams of highly 
charged particles and more efficient X-ray radiation sources.

Online content
Any methods, additional references, Nature Research reporting  
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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-μm-thick type 1 second-harmonic-generation potassium diphosphate 
crystal. A contrast >1012 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 × 1021 W cm−2 on target. Single-shot X-ray spectroscopy was performed using 
a mica crystal (2d = 19.84 Å) 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 
reflectivity22. 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-μm-thick Be filter was placed 2.5 m from the plasma at 45° with respect to 
the target normal to monitor the hv > 1 keV 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 Laboratory23. This 
code is the same as that used to perform nanowire plasma simulations in ref. 11, 
with atomic data added for high-Z elements. The spectra were simulated using the 
radiative/hydrodynamic code RADEX24, with detailed atomic physics using data 
from the HULLAC code25. 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 field26,27, 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 λ = 400 nm 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 ao ¼ eA=ðmc2Þ

I
 = 21 for a laser intensity 

of 4 × 1021 W cm−2. 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.
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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 4×1021 Wcm−2. 
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. 25). It was run using 200 to 1500 levels per ion from 
Cu-like (Au50+) to B-like (Au74+) 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 > 1 keV 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, 0 fs and +160 fs). Irradiation intensity 4x1021 Wcm−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 +30 fs 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 4x1021 Wcm−2 with a 5 μm FWHM diameter focal spot showing atoms ionized up to He-like Au77+.
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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.

Nature Photonics | www.nature.com/naturephotonics

http://www.nature.com/naturephotonics


LettersNature Photonics

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 μm thick Ge wafer at an intensity of 3x1021 W cm−2.
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Ultrahigh-energy density (UHED)matter, characterized by energy densities >1 × 108 J cm−3 and pressures greater than
a gigabar, is encountered in the center of stars and inertial confinement fusion capsules driven by the world’s largest
lasers. Similar conditions can be obtained with compact, ultrahigh contrast, femtosecond lasers focused to relativistic
intensities onto targets composed of aligned nanowire arrays.We report themeasurement of the key physical process
in determining the energy density deposited in high-aspect-ratio nanowire array plasmas: the energy penetration.
Bymonitoring the x-ray emission fromburied Co tracer segments in Ni nanowire arrays irradiated at an intensity of
4 × 1019W cm−2, we demonstrate energy penetration depths of several micrometers, leading to UHED plasmas of that
size. Relativistic three-dimensional particle-in-cell simulations, validated by these measurements, predict that ir-
radiation of nanostructures at intensities of >1 × 1022W cm−2 will lead to a virtually unexplored extremeUHEDplasma
regime characterized by energy densities in excess of 8 × 1010 J cm−3, equivalent to a pressure of 0.35 Tbar.
p://ad
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INTRODUCTION
Laboratory creation of matter in the ultrahigh-energy density (UHED)
regime is of great interest for the realization of inertial confinement
fusion (1, 2), to further the understanding of atomic processes in astro-
physical and extreme laboratory environments (3–5), and to generate
intense sources of x-rays and high-energy particles (6, 7). However,
the creation of matter in this regime in the laboratory has been limited
to the central hot spot of the spherically imploded capsule in inertial
confinement fusion experiments conducted using the world’s highest-
energy lasers (8, 9). The ability to create UHED matter using smaller
facilities is thus of great interest to make this extreme plasma regime
more accessible for fundamental studies and applications. One such
application is the efficient conversion of optical laser light into bright
flashes of x-rays, which requires the radiative lifetime of the plasma
to be shorter than the hydrodynamic cooling time. This, in turn,
demands simultaneously having a large collision rate (and therefore a
large density of energetic electrons) and a large plasma size. However,
heating a large UHED plasma volume is a challenge that even many of
today’smost powerful lasers fall short of achievingwhen irradiating sol-
id slab targets. In this conventional heating scheme, the leading edge of
the laser pulse rapidly creates a plasma blow-off, which prevents the re-
mainder of the laser pulse from directly heating the solid region of the
target. Heating by hot electrons using today’smost energetic short pulse
lasers has just surpassed the boundary into the UHED regime (for ex-
ample, achieving 2 Gbar). For example, temperatures of 0.6 keV at a
density of 1.5 g/cc were recently reported for a 0.15-mm-thick Al foil
tamped by 10 mm of plastic on both sides, irradiated by 100-J pulses
of 0.5-ps duration (10). Simulations indicate a pressure of 0.5 Gbar,
and an energy density approaching 1 × 108 J cm−3 was obtained. Similar
temperatures were achieved at a density of 9 g/cc, and therefore higher
pressure and energy density, using diamond tamped Al targets com-
pressed with a pair of 200-J, long laser pulses before the arrival of the
short heating pulse (10). Several other experiments in which pulses of
0.35- to 2-ps duration irradiated plastic foils with buried metal layers
reported similar temperatures (11–14). Heating with 400-J pulses of
0.8-ps duration achieved a 5-keV surface temperature decreasing to
0.6 keV at 1.3-mm depth (15).

Alternatively, irradiation of high-aspect-ratio vertically aligned nano-
wire arrays with ultrahigh-contrast femtosecond laser pulses of only
joule-level energy provides a unique combination of nearly complete
optical absorption and drastically enhanced light penetration into
near-solid density targets, allowing the material to be volumetrically
heated deep into the UHED regime. Other types of structured targets
have also been successfully used to increase absorption, as evidenced by
enhanced x-ray emission from “smoked” targets (16), nanospheres
(17), gratings (18, 19), and “velvet” nanowire targets (20–23). However,
high-aspect-ratio vertically aligned nanostructures with vacant spaces
surrounding them are unique in allowing for the deep penetration of
ultrafast optical laser pulse energy into the material, where light is
trapped and practically totally absorbed (24). Electrons ripped off the
nanowire surface by the large laser field are accelerated to acquire high
energy in the voids. Collisions of these energetic electrons with the nano-
wires rapidly heat the material to extreme temperatures, causing the
nanostructures to explode and rapidly fill the voids.When the gaps are
filled with plasma, a continuous critical electron density layer that forbids
further coupling of laser energy into thematerial is formed. The use of
sufficiently short laser pulses allows for very efficient coupling of the
pulse energy deep into the nanowire array, heating a large volume of
near-solid-densitymaterial severalmicrometers in depth tomulti–kilo–
electron volt temperatures. This new approach to volumetric heating
opens access to the UHED plasma regime using tabletop, joule-class,
femtosecond lasers.
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Considering that the aligned nanowire arrays are highly optically ab-
sorbent, the heat penetration depth into the arrays is the key unknown
parameter for determining the plasma volume heated and, thus, the
deposited energy density. Here, we report the first definitive measure-
ment of the volume of heated material in arrays of high-aspect-ratio
aligned nanowires irradiated by femtosecond pulses of relativistic in-
tensity. We present the results of experiments at an intensity of 4 ×
1019 W cm−2 that show heating of near-solid-density matter to multi–
kilo–electron volt temperatures over depths of several micrometers. The
results serve to validate amodel of the relativistic interaction that is used
to study the physics of these unique plasmas and to predict the UHED
conditions that will be achieved when the intensity is increased to the
limit of currently available laser systems and beyond. As shown below,
this approach promises to achieve unprecedented energy densities in ex-
cess of 8 × 1010 J cm−3, equivalent to 0.35-Tbar pressures using existing
ultrafast laser facilities.

The measurement technique consists of monitoring the He-a line
emission from buried nanowire segments of a selected tracer material.
This required growing arrays of ordered nanowires that have a com-
positional change along the length of each nanowire (Fig. 1, A and B).
We found it advantageous to choose neighboring elements on the pe-
riodic table that have similar ionization dynamics for the top and
buried (tracer) segments to form an array that does not differ signif-
icantly from one of uniform composition. This selection also allows
the characteristic spectral lines of both materials, such as the He-a
lines, to be recorded simultaneously within the spectral window of a
single crystal spectrometer. In this experiment, the composition of the
top segment of the nanowires was nickel (Z = 28), and the buried
tracer element was cobalt (Z = 27). The experiments were simulated
using the combination of a relativistic three-dimensional (3D) particle-
in-cell (PIC) code in combination with a transient atomic kinetics and
radiation transport model.
 on January 12, 2017
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RESULTS AND DISCUSSION

The experiments were conducted by irradiating the segmented nano-
wire arrays with l = 400 nm, ultrahigh-intensity contrast (>1012) pulses
of 0.6 J of energy, and 55-fs full width at half maximum (FWHM) du-
ration from a frequency-doubled titanium-sapphire laser at Colorado
State University (see Materials and Methods). The ultrahigh contrast
is crucial to preserve the nanowires until the arrival of the intense laser
pulse. The laser pulses were focused onto the nanowire arrays using an
f/2.7 parabolicmirror. The emitted x-ray radiationwas analyzed using a
von Hamos crystal spectrometer (25) in which a mica crystal spectrally
disperses the signal onto a 2D back-thinned charge-coupled device
(CCD) sensor array.

Figure 1C shows a single-shot spectrum from an irradiated dual
composition Ni-Co nanowire array in which the He-like lines of the
Ni and Co segments were simultaneously recorded. Both materials
have a high Young’s modulus, which facilitates the growth of arrays
of well-aligned, high-aspect-ratio nanowires. The nanowire arrays
were grown by sequential electrodeposition of the selected metals into
porous anodic aluminum oxide membranes. Subsequent dissolution
of the membranes results in freestanding aligned nanowire arrays (see
Materials and Methods). The compositional change was thus created
by first growing 3- to 4-mm-long Co nanowires at the base of each
array followed by the growth of segments of Ni of several selected
lengths on top. The change in composition along the nanowires is vis-
ible in the scanning electron microscope energy-dispersive spectros-
Bargsten et al. Sci. Adv. 2017;3 : e1601558 11 January 2017
copy (EDS) measurement shown in Fig. 1B. The arrays used in the
experiment consisted of 55-nm- diameter nanowires spaced such that
the array had an average atomic density corresponding to 13% of solid
density.

Figure 2 shows a series of measured spectra resulting from irradiating
Ni-Co nanowire targets in which the top wire segment of Ni increases in
length from 1.5 to 5 mm. The spectra show an increase in the He-like Ni
line emission signal and a correspondingdecrease in theHe-likeCo signal
as the length of the top Ni nanowire segment increases. In the case of the
array with a 1.5-mm-long top Ni layer, the Co lines dominate. This is a
first clear indication that the heat penetrates more than 3 mm along the
length of the nanowires. A decrease in intensity of the Co lines is subse-
quently seen as the length of the top nickel layer is increased. The emis-
sion fromHe-likeCo ions is observed for targetswith up to 4mmofNi on
top. As the top nickel layer reaches 5 mm in thickness, the Co lines de-
crease in intensity to a level near that of the continuumbackground signal
that results from bremsstrahlung and radiative recombination. In agree-
ment with the simulations discussed below, this demonstrates that
sufficient heat to ionize Co ions to the He-like stage penetrates at least
4-mm-deep into the near-solid-density material. Figure 3 plots the
measured peak intensity of the Co and Ni He-a lines as a function of
Ni nanowire segment length. The Ni lines become stronger as the
Fig. 1. Schematic diagram, composition map, and x-ray spectrum of a two-
composition Ni-Co nanowire array. (A) Schematic diagram of segmented two-
composition Ni-Co nanowire array. The top Ni segment ranges in length from
1 to 6 mm. The nanowires are 55 nm in diameter and form an array that is 13% of
solid density. (B) Scanning electronmicroscopy imagewith energy-dispersive spec-
troscopic elemental composition measurement indicating the concentration of Ni (blue)
andCo (red). (C) Example spectra showing theHe-like line dominance over the Ka lines for
the twoelements as recordedusingavonHamoscrystal spectrometer. A.U., arbitraryunits.
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length of the top segment of this material is increased up to 3 to 4 mm,
the length beyond which their strength saturates. Simultaneously, the
strength of the Co lines decreases until they disappear into the
continuum when the Ni segments reach 5 mm in length.

Simulations of the x-ray emission spectra of arrays with top Ni
segments of different length were conducted with a transient atomic ki-
Bargsten et al. Sci. Adv. 2017;3 : e1601558 11 January 2017
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netics and radiation transport model that uses the electron energy
distribution computed by the relativistic 3D PIC simulations (see
Materials and Methods). The synthetic spectra (Fig. 4, top) closely
replicate the observed features of the experimental data. The bottom
panel of Fig. 4 illustrates the agreement between the measured and si-
mulated Co/Ni line ratios as a function of Ni wire segment length. Fig-
ure 5 shows the simulated spatial distribution of He-like Ni and Co ions
for an array with a top segment of 3-mmNi nanowires after the peak of
the laser pulse. It illustrates the generation of He-like Co ions several
micrometers under the top Ni nanowire layer. The agreement between
measurement and simulations validates the model, which is used below
to predict the plasma conditions that could be obtained by increasing
the irradiation intensity.

The energy density and pressure for hot electron gases are given by
integrals of the energy and momentum-velocity product, weighted by
the distribution function.We have calculated the energy density directly
from the particle data from the PIC simulation and estimated the pres-
sure from that, using a formula for an equilibrium relativistic gas, accu-
rate to 1% (see Materials and Methods) (26). Computed maps of the
kinetic energy density at four different times during the plasma evolu-
tion are shown in Fig. 6. Optical-field ionization (OFI) is observed to
begin the heating process at the nanowire surface, with the strong
electric field of the laser pulse stripping electrons and creating ionization
states up to Z = 18. The electrons are rapidly accelerated into the gaps.
Collisional electron impact ionization produces higher ionization states
as the hot electron population deposits its energy deep into the nano-
wire cores. The electrons stripped from the wires are accelerated toward
the substrate. Charge balance demands the generation of a large laser-
induced return current through the nanowires. The resulting strong
quasi-static self-generated azimuthal magnetic field pinches the
 on January 12, 2017
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Fig. 3. Measured intensities of the He-like Co and Ni lines as a function of the
length of the top Ni nanowire segment. The target and laser parameters are the
same as those in Fig. 2.
Fig. 4. Simulated spectra corresponding to arrays with different wire
lengths used in the experiment are shown in the top three plots. The target
and laser parameters are the same as those in Fig. 2. Measured and simulated (Co
He-a)/(Ni He-a) line ratios as a function of Ni nanowire segment length are shown
on the bottom.
Fig. 2. Measured spectra of Ni-Co–segmented nanowire arrays with different
lengths of Ni wires (listed in the top right corner of each plot) on top of cobalt
wires, irradiated by 55-fs pulses at an intensity of ~4 × 1019 W cm−2. The verti-
cally aligned wires are 55 nm in diameter and form an array that has an average
atomic density that is 13% of solid density. Lines of He-like and Li-like Ni and Co
are visible along with their respective Ka lines.
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nanowires into a hot, extremely dense plasma (27). A plasma density
surpassing 1024 cm−3 with an energy density of 22GJ cm−3 and pressure
of 125 Gbar is quickly reached within the wires near their tips (+4-fs
frame; Fig. 6). The laser pulse continues to propagate down the length
of the wires and deep into the array as long as the interwire gaps remain
free of dense plasma. As the wires expand, the interwire gaps are filled
with a supercritical-density plasma. Collisions homogenize the plasma,
creating a uniform plasma layer several micrometers thick in which the
atoms are ionized up to theHe-like stage observed in themeasurements.
In the two earliest frames in Fig. 6 (+4 and +44 fs), the wire tips appear
to be loosely connected by regions of higher energy density. This is a
result of the array geometry in which the gaps are narrower in the
directions directly between wires. These narrower gap regions thus fill
with particlesmore quickly and reach higher-energy densities faster than
the diagonal regions. Expansion of the wires continues to progressively
close the interwire gaps along the length of the wires (+124-fs frame;
Fig. 6) until the whole target cross section is filled with material at an
energy density of 1 GJ cm−3 and pressure of 7 Gbar (+304-fs frame;
Fig. 6). A thermalized electron temperature of ~14 keV is reached over
the plasma volume with an average electron density greater than 3 ×
1023 cm−3. Even higher plasma densities can be obtained by irradiating
arrays with higher wire filling factors, arrays made of a higher Z
material, or a combinationof both.As an example in the Supplementary
Materials, we include a spectrum of a Ni nanowire target with an aver-
age atomic density corresponding to 30% of solid density irradiated at
an intensity of 4 × 1019 W cm−2 (fig. S1). The spectrum is again domi-
nated by He-like (Ni+26) and Li-like (Ni+25) lines, which indicate the
high degree of ionization ismaintained. In this case, the average electron
Fig. 5. PIC simulation of the density of He-like ions in an array composed of
segments of vertically aligned Ni and Co nanowires (blue, He-like Ni; red, He-like
Co). The target and laser parameters are the sameas those in Fig. 2. The topNiwires are
3.0 mm in length. The laser pulse impinges from the top at normal incidence to the
array.
 on January 12, 2017
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Fig. 6. EDdistribution computedby PIC simulation. The target and laser parameters are the same as those in Fig. 5. Each frame corresponds to a different timewith respect to
the peak of the laser pulse as indicated by the time stamp in the top left corner of each frame. The laser pulse impinges into the array from the top at normal incidence.
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density of the homogenized plasma increases up to ~7 × 1023 cm−3,
nearly 100 times the critical density.

We conducted additional PIC simulations to predict the plasma
conditions that could be achieved by further increasing the laser ir-
radiation intensity to 1 × 1022 W cm−2 (a0 = 34). The results suggest
the generation of unprecedented energy densities and pressures. This
is illustrated in Fig. 7 for an array of 400-nm-diameter Au nanowires
with an average atomic density corresponding to 12% of solid density,
irradiated with a 30-fs duration pulse. The plasma density in the gold
nanowires during the nanoscale pinch compression phase reaches 2 ×
1025 cm−3, which corresponds to nearly 3200 times the critical density
(fig. S2). Other laser-target configurations could reach even higher
densities during the nanopinch (for example, 6 × 1025 cm−3). These
extreme peak densities would approach those obtained from fusion
hot spots usingmegajoule laser energies at theNational Ignition Facility
(~1 × 1026 cm−3) (28) while potentially reaching higher temperatures.
The energy density within the nanowires is predicted to reach a peak
value of 2 TJ cm−3, equivalent to a pressure of 7 Tbar near the end of
the laser pulse (+21-fs frame; Fig. 7). The expansion of the heated nano-
wires is computed to create a plasma layer in which the energy den-
sity is 80 GJ cm−3, equivalent to a 0.35-Tbar pressure (+500-fs frame;
Fig. 7), larger than the solar interior pressure. The electron energy can
be described by a two-temperature distribution, which rapidly thermal-
izes into a single-temperature distribution defined by an electron tem-
perature of ~500 keV, 500 fs after the peak of the laser pulse (see fig. S3).
Bargsten et al. Sci. Adv. 2017;3 : e1601558 11 January 2017
Figure 8 shows that the gold atoms are predicted to reach extreme
degrees of ionization. At 20 fs after the peak of the laser pulse, Ni-like
Au ions are dominant, whereas ions up to Ne-like (Au+69) are also pre-
dicted to be present within the nanowires for depths up to several
micrometers. A few hundred femtoseconds after the end of the laser
pulse (for example, +500 fs in Fig. 7), the plasma is still hot, and ioniza-
tion still continues, creating charge states up to Au+70. Moreover, ir-
radiation of an array of 150-nm-diameter Au nanowires with an initial
average density of 30% solid is predicted to result in denser plasma in
which Au atoms near the tip of the array could potentially be ionized
to the Be-like stage (Au+75). Irradiation of higher Z elements is expected
to result in even higher charge states.

These extreme energy densities offer important advantages for the
efficient generation of ultrashort pulses of x-rays and neutrons. In the
case of x-ray generation, the large plasma density decreases the radia-
tive lifetime. This results in an increase in the hydrodynamic-to-radiative
lifetime ratio that leads to a large increase in conversion efficiency.
Accordingly, in experiments we have conducted with aligned gold
nanowires, we have measured a record conversion efficiency into ul-
trashort pulses of >1-keV photons of 10% in 2p str. In the case of the
generation of neutrons by deuterium-deuterium or deuterium-tritium
fusion reactions, the high density of energetic ions is an important
advantage because the reaction rate is proportional to the square of
the density. These aligned nanostructure plasmas share some simila-
rities to the efficient volumetric heating of clusters in a supersonic gas
 on January 12, 2017
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Fig. 7. PIC-simulated energy density distribution in an array of vertically aligned 400-nm-diameter Au nanowires irradiatedwith an intensity of 1 × 1022W cm−2 (a0 = 34)
using a 400-nmwavelength pulse of 30-fs duration. The average atomic density is 12% of solid density. Each frame corresponds to a different timewith respect to the peak of
the laser pulse. The laser pulse impinges into the array from the top at normal incidence.
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jet (29), but with the additional advantage of having several orders of
magnitude higher-average density, potentially leading to record fusion
neutron yields with compact lasers.

It is also of interest to gain insight into how the energy density
scales with irradiation intensity. However, this scaling would have a
very limited range of applicability without the simultaneous change
of the nanostructure target parameters, for example, the nanowire di-
ameter. The ideal configuration for many applications, such as neu-
tron generation, efficient conversion into x-rays, and creation of
highest-Z ions, requires obtaining a plasma lifetime as large as possible
compared to the characteristic times of the fusion reactions, radiation
cooling, and ionization time, respectively. That means that the laser
energy deposition depth has to be typically of the order of the laser
focal spot size, which, in our case, is 4 to 6 mm. As the irradiation
intensity is increased, scaling of the interwire distance is required to
maintain this constant energy penetration depth. Otherwise, not only
would the laser energy penetration depth be either too short or too
long, but the efficiency of the laser energy deposition would also de-
crease. This is because there exists a time for the closure of the inter-
wire space for the laser by the expanding plasma, after which a
continuous critical density layer is formed, which increases the frac-
tion of laser energy reflected (24). Therefore, to determine the energy
density scaling, we used the strategy of keeping the energy penetration
depth approximately constant and comparable to focal spot size while
scaling the interwire spacing and nanowire diameter (the latter is re-
quired to keep the average atomic density constant). For this case of
approximately constant energy deposition depth, the peak value of the
energy density occurring near the end of the laser pulse is computed
to scale approximately linear with intensity I, energy density a I (see
fig. S4). In comparison, at later times when the nanowires are com-
pletely dissolved into a homogeneous plasma, the energy density behaves
Bargsten et al. Sci. Adv. 2017;3 : e1601558 11 January 2017
as a sublinear function of the laser intensity, energy density a I0.5, because
of the faster thermal spread of the hotter plasma at larger intensities.

In conclusion, these results open a path to obtaining unprecedented
pressures in the laboratory with compact lasers for the study of high
energy density physics, high ionization states of high-Z atoms in high-
density plasmas, and effects of opacities at ultrahigh pressures, tem-
peratures, and densities. The experimentally validated numerical
model predicts that experiments at an increased intensity of 1 ×
1022W cm−2 will result in the generation of unprecedented Tbar-level
pressures in laboratory plasmas, surpassing even those in spherical
compression laser fusion experiments. These plasmas can lead to
record conversion efficiency of optical laser light into ultrafast x-ray
flashes and to the efficient production of ultrafast neutron pulses by
fusion in near-solid-density plasmas.
MATERIALS AND METHODS
Experimental setup
The dual-composition segmented nanowire array targets were
irradiated with 400-nm wavelength, 0.6-J energy laser pulses of
55-fs FWHM duration from an ultrahigh-contrast frequency-doubled
titanium-sapphire laser. The ultrahigh contrast, which is necessary to
prevent destruction of the nanowires before the arrival of the main
pulse, was achieved by frequency doubling with an 800-mm-thick type
1 potassium dihydrogen phosphate crystal. The 400-nm second har-
monic light was separated from the 800-nm fundamental beam using
a series of four highly selective dichroic mirrors. These high-contrast
pulses were focused to an ~5-mm-diameter spot using a 90° off-axis par-
abolic mirror to achieve intensities of (4 ± 1) × 1019 W cm−2 on target.
The focal spot sizewas determined by imagingwith a 10×objective onto
a 12-bit CCD camera. The laser pulse duration was measured using a
single-shot frequency-resolved optical gating. The laser prepulse con-
trast in the picosecond range was monitored with a third-order
scanning autocorrelator, and in the nanosecond range, it was
determined using a photodiode and a set of calibrated neutral density
filters. The prepulse intensity contrast of the frequency-doubled pulse
was inferred to be greater than 1 × 1012. The laser pulse energy was
monitored on a shot-by-shot basis by measuring the reflection from a
500-mm-thick, 1% reflecting, multilayer-coated beam splitter placed
before the off-axis parabola.

The emitted x-ray spectrum was measured using a von Hamos
crystal spectrometer (25). The spectrometer used the third-order
reflection from a cylindrically bent mica crystal to spectrally disperse
the x-ray signal onto a back-thinned 2D CCD sensor. The sensor was
shielded from electromagnetic noise and visible light by an electrically
and optically sealed Faraday cage, in which the diffracted x-ray signal
reaches the CCD through a 12.5-mm-thickAl foil filter. The thickness of
theAl foil filter was selected to also stop lower-order reflections from the
mica crystal.

Vertically aligned nanowire arrays
The nanowire arrays were grown by the electrodeposition of metallic
ions into porous alumina templates. The density of pores determined
the average density of the nanowire array. A Watts bath (30) solution
was used for the deposition of both nickel and cobalt materials. This
galvanostatic electrodeposition allowed for the wires to be grown to a
desired length inside the template pores. As the buried tracer exper-
iments required the wires to consist of segments of two different mate-
rials, Co was first deposited in the pores to a length of 3 to 4 mm,
Fig. 8. Ion charge distribution as a function of depth for an array of 400-nm-
diameter Aunanowireswith 12%of solid density, irradiatedat an intensity of 1 ×
1022W cm−2 as in Fig. 7. This plot was obtained by randomly choosing a fraction of
the ions and placing a star at each charge and position. Groups of ionization stages
are assigned different colors (for example, Z = 66 to 70 is blue) to accentuate the ion
distribution and identify rare ions, such as the F-like ions in the bottom.
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followedby subsequent deposition ofNi at variable lengths between1 and
6 mm.High-resolution transmission electronmicroscope dispersive x-ray
spectroscopy (EDS analysis) revealed that the junction region between
the Co and Ni layers was smaller than 100 nm in length. Once the
deposition was complete, wires were freed from the template through
a dissolving process in 4 M NaOH. EDS from a scanning electron
microscope was used to measure the elemental composition of the
array along the length of the nanowires in each array (Fig. 1B).

Simulation tools
The relativistic 3D Virtual Laser Plasma Laboratory code (31) was used
for the PIC simulations. The capabilities of its standard algorithmswere
extended by adding packages for OFI and binary collisions, including
electron impact ionization. OFI was treated as an under-barrier
tunneling phenomenon in the static electric field (32, 33), with only se-
quential field ionization considered. The probabilities for Coulomb col-
lisions between all particles in one mesh cell were calculated by a binary
collision package. PIC simulations used a 3D geometry and self-
consistently included ionization physics for both the Ni and Co atomic
species present in the dual-composition target and for Au. A linearly
polarized plane wave with 400-nm wavelength and Gaussian time en-
velope a(t) = a0 exp(−t2/t2) was used to simulate the laser pulse where
the normalized vector potential a0 = eA/mc2 = 2.16 corresponds to a
laser intensity of I0 = 4 × 1019 W cm−2 and a 55-fs FWHM pulse dura-
tion. The laser pulse was assumed to impinge on the nanowire array at
normal incidence. The PIC simulation space consisted of a cell volume
encompassing the wires and interwire gaps, as well as a space above the
array to allow for expansion of the wirematerial as it exploded and ther-
malized. The simulation described all phases of the laser interaction
with the nanowire array and subsequent explosion and thermalization.
The code accounted for local field enhancements, field fluctuations, and
resonance heating. However, bulk resonances were not considered to be
present because of the average density that was higher than the critical
density and the spacing of the nanowires that was smaller than the
wavelength of the laser.

Simulations were also conducted with two postprocessor atomic
models based on the code Radex (34) using atomic data from the
HULLAC code (35). The first of these atomic models was used to
compute the intensity ratio of Co/NiHe-like lines. It used the exact par-
ticle energy distribution computed with the PIC code. The second
model, used to simulate the spectra (Fig. 4, top), was a very detailed
atomic code that considered a large number of excited levels from all
the ionization stages present. This greatlymore computational intensive
model used a two-temperature approximation to the electron energy
distribution computed by the PIC code. Lines were computed taking
into account the natural, Doppler, collisional, and Stark broadening.
The Biberman-Holstein approximation (36, 37) was used for radiation
transport of the He-a lines. For comparison with experiments, instru-
mental broadening was added to the synthesized spectra (Fig. 4). The
continuumwas simulated by simple approximations for bremsstrahlung
and radiative recombination radiation.

Estimation of the pressure from the energy density
The relationship between energy density and pressure could be readily
calculated in the equilibrium case, where the distribution functionwas a
relativistic Maxwellian, and in the nonequilibrium ultrarelativistic case,
where the particle velocities were all near the speed of light. The result
for an equilibrium relativistic gas is given by Synge (38). We used a
simple approximation, accurate to 1%, given by Ryu et al. (26).
Bargsten et al. Sci. Adv. 2017;3 : e1601558 11 January 2017
Defining b as the ratio of kinetic energy density to rest mass energy
density, we found the following formula for a, the ratio of kinetic
energy density to pressure

a ¼ 6

1� dþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ 6dþ 1

p ; d≡
1
b

The large and small b limits provide the well-known results, a = 3/2
and a = 3, respectively. The full dependence of a(b) is shown in fig. S5.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/1/e1601558/DC1
Supplementary section
fig. S1. Spectrum of an array of 55-nm-diameter Ni nanowires with an average atomic density
corresponding to 30% of solid density irradiated at 4 × 1019 W cm−2 with an ultrahigh contrast
l = 400-nm laser pulse of 55-fs duration.
fig. S2. Computed electron density distribution in 400-nm-diameter gold nanowire irradiated
at an intensity of 1 × 1022 W cm−2 with a 30-fs laser pulse, corresponding to the conditions in
Fig. 7.
fig. S3. Electron energy distribution under the same irradiation conditions as in fig. S2 at
different times with respect to the peak of the laser pulse averaged in space.
fig. S4. Computed scaling of the energy density deposited into Au nanowire arrays as a
function of the irradiation intensity for two different times during the plasma evolution.
fig. S5. Ratio of kinetic energy density to pressure (a) as a function of the ratio of kinetic energy
density to rest mass energy density (b).
table S1. Pressures calculated from the kinetic energy density computed by the PIC
simulations using the approximation by Ryu et al. (26).
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The efficient conversion of optical laser light into bright ultrafast x-ray pulses in laser created plasmas is of high
interest for dense plasma physics studies, material science, and other fields. However, the rapid hydrodynamic ex-
pansion that cools hot plasmas has limited the x-ray conversion efficiency (CE) to 1% or less. Here we demonstrate
more than one order of magnitude increase in picosecond x-ray CE by tailoring near solid density plasmas to achieve a
large radiative to hydrodynamic energy loss rate ratio, leading into a radiation loss dominated plasma regime. A record
20% CE into hν > 1 keV photons was measured in arrays of large aspect ratio Au nanowires heated to keV temper-
atures with ultrahigh contrast femtosecond laser pulses of relativistic intensity. The potential of these bright ultrafast
x-ray point sources for table-top imaging is illustrated with single shot flash radiographs obtained using low laser
pulse energy. These results will enable the deployment of brighter laser driven x-ray sources at both compact and
large laser facilities. © 2017 Optical Society of America

OCIS codes: (040.7480) X-rays, soft x-rays, extreme ultraviolet (EUV); (320.7090) Ultrafast lasers; (110.7440) X-ray imaging; (350.5400)

Plasmas; (160.4236) Nanomaterials.
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1. INTRODUCTION

Intense ultrashort bursts of x-ray radiation are essential for back-
lighting the implosion of capsules in inertial confinement fusion
experiments [1,2]. They are also of significant interest for funda-
mental studies that include laboratory opacity measurements in
matter at the conditions of stellar interiors [3], and for probing
ultrafast changes in material with high spatial and temporal res-
olution [4,5]. Dense plasmas produced by laser irradiation of solid
density materials with intense femtosecond laser pulses are emit-
ters of intense x-ray pulses. However, different factors contribute
to limit the CE into ultrafast x-ray pulses. First, only a fraction of
the laser energy is absorbed by the plasma. Second, the radiation
typically originates from a shallow plasma volume whose rapid
expansion results in hydrodynamic cooling rates that exceed
the radiation cooling rate. The result is poor conversion efficiency.
Efforts to increase the ultrafast x-ray yield have largely focused on
addressing the first of these two limitations by improving the cou-
pling of the laser energy into the material using structured targets.
Targets investigated include micro-lithographic gratings [6–8],
nanometer-size dielectric spheres or ellipsoids [9,10], “smoked”

clustered surfaces [7,11,12], and nanowire arrays [12–16].
Increased CE with respect to flat solid targets has been reported
[6,11,12,14–17]. In the case of nanowires, the increased x-ray
yield was often adjudicated to increased absorption [12,14],
including enhanced absorption due to a “lightning rod effect” that
increases the number of hot electrons as a result of an enhance-
ment of the electric field at the tip of nanostructures [15,17]. In
addition to increased absorption, Kulcsar et al. suggested other
causes that include a larger number of heated atoms [12].
However, the CE into hν > 0.9 keV x-rays was limited to
∼0.1%, a value similar to that obtained using smoke targets.
In all the experiments with different types of nanostructured
targets, the x-ray CE into hν > 1 keV photons has remained less
than 1%, in spite of the increase in energy coupling. This CE into
picosecond x-ray pulses is significantly lower than that achieved
in converting laser light into nanosecond x-ray pulses in under-
dense gas or cavity and pre-exploded foil plasmas [18–22].

In this paper, we show that an increase of more than one order
of magnitude in optical to picosecond x-ray CE can be achieved
by tailoring the plasma characteristics to reach a smaller radiative
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cooling time, τrad, than the hydrodynamic cooling time, τhydro,
resulting in a larger radiative to hydrodynamic cooling rate ratio
that effectively overcomes hydrodynamic cooling. The radiative
cooling time is defined here as the time needed to radiatively dis-
sipate the thermal energy of the plasma. In the simple case of an
ideal plasma with ions of average charge Z , this characteristic time
can be expressed as the ratio of the kinetic energy of free electrons
to their rate of radiated energy loss by collisions: 3ZkT e

2E
1

hσvine ,
where σ is the effective electron collision cross section for all three
major radiative processes (line radiation, photorecombination,
and bremsstrahlung), T e and ne are the electron temperature
and density, respectively, and E is the average energy radiated
per collision event. The hydrodynamic cooling time is defined
here as ΔL∕Cs, where ΔL is plasma size and Cs is the acoustic
velocity. Considering that, within the range of high electron den-
sities and high temperatures of interest for x-ray generation, τrad
is inversely proportional to the electron-density-dependent total
collision rate hσνine and τhydro is proportional to the plasma size
ΔL, this condition requires a large electron density and/or large
plasma size such that

τrad ∝
1

hσνine
<

ΔL
Cs

∝ τhydro: (1)

We experimentally demonstrate that this approach results in
an ∼20% CE of optical laser light into hν > 1 keV x-rays in
4π sr, more than one order of magnitude increase in CE with
respect to previous work. We fulfilled the inequality in Eq. (1) by
volumetrically heating supercritical density plasmas by irradiating
arrays of high aspect ratio Au or Ni nanowires at an intensity of
I ∼ 4 × 1019 W cm−2 with ultrahigh contrast femtosecond laser
pulses. The interaction was tailored to simultaneously achieve
deep volumetric heating (large ΔL) to multi-keV temperatures,
and plasma densities of the order of 100 times the critical density
in which the collisional rates are greatly increased with respect
to plasmas generated from solid targets.

2. METHODS

The experiments were conducted by irradiating arrays of free-
standing, vertically aligned Au and Ni nanowires with diameters
of 55, 80, or 100 nm and 4–6 μm in length. The laser beam
impinged parallel to the nanowire axis, normal to the nanowire
array target surface. The nanowire arrays were synthesized by
electrodeposition into anodic aluminum oxide templates [23].
The nanowires were grown with an average density of 12% solid
density for the targets composed of 55 or 80 nm diameter nano-
wires, and 15% of solid density for the 100 nm diameter nano-
wire targets. After dissolving the template, an array of ordered,
high aspect ratio (∼50–100∶1) nanowires is exposed. This cor-
responds to an interwire spacing of 85 and 130 nm for the
55 and 100 nm diameter wire arrays, respectively. Each nanowire
target was imaged using a scanning electron microscope. The
nanostructured targets were irradiated by ultrahigh (>1012)
contrast λ � 400 nm pulses of ∼55 fs duration with energy
up to 1 J from a frequency-doubled Ti:sapphire chirped-pulse-
amplification (CPA) laser. The laser consists of a conventional
front end followed by three Ti:sapphire power amplifiers pumped
by Nd:glass slab lasers designed to operate at up to 5 Hz repetition
rate [24]. The beam was expanded to 9 cm, and the pulses were
compressed using a gold grating vacuum compressor. Frequency

doubling in a 0.8 mm thick Type I KDP crystal with an efficiency
of 40%–50% greatly improves the contrast, as the second-
harmonic generation process is proportional to the square of
the intensity. The duration of the frequency-doubled pulse was
measured in a single shot self-diffraction autocorrelator. The
wavefront was corrected with a deformable mirror (Imagine
Optic). The high contrast pulses were focused onto the target
by a 90 deg off-axis parabolic mirror with a 15.4 cm focal length,
resulting in a spot size of ∼4.5 μm to obtain an intensity
of ∼4 × 1019 W cm−2.

The angular distribution of the x-ray emission was measured
using an array of four filtered Si photodiodes mounted at equally
spaced polar angles on a 28 cm radius circular rail centered on the
laser beam focus where the target was placed. Polished Ni or Au
flat solid targets were shot immediately preceding each nanowire
target shot for comparison. The diodes were placed on a plane
that forms an angle of 20 deg with respect to the plane of
incidence. Magnet pairs were placed in the front of each of
the photodiodes to deflect electrons up to 6 MeV energy away
from the diodes. It was verified that increasing the magnetic field
strength by 2 × and the length of the magnets by the same factor
did not change the photodiode signals, ensuring that the photo-
diode/filter assembly is in practice only detecting x-rays. The
spectrally resolved x-ray emission was simultaneously recorded us-
ing a von Hamos mica crystal spectrometer and a front illumi-
nated CCD. Time integrated spectral emission of the plasmas
showed He-like Ni ion lines that dominate over the characteristic
K -α emission by over one order of magnitude.

3. RESULTS AND DISCUSSION

Figure 1 illustrates a particle-in-cell simulation (PIC) of the elec-
tron temperature and electron density evolution in an array of Au
nanowires at three different times after the laser pulse. The array is
composed of wires 55 nm in diameter with an average density
corresponding to 12% of solid density, and the laser pulse has
a 55 fs FWHM duration. The simulation was conducted using
the fully relativistic 3-D PIC code Virtual Laser-Plasma
Laboratory (VLPL) [25]. In contrast to flat solid targets, where
a thin plasma layer is heated, in nanowire arrays the ultrafast laser
pulses propagate several micrometers within the interwire gaps.
The heated nanowires explode, creating a thick plasma layer
of nearly solid density, reaching ne∼4 × 1023 cm−3 311 fs after
the peak of the laser pulse, while the electron temperature is
∼15 keV [Figs. 1(c) and 1(f )]. Later the plasma cools, but
1 ps after the peak of the laser pulse the temperature still remains
at a few keV. To illustrate the major radiative differences between
a flat solid target and a volumetrically heated nanowire array,
Fig. 2 shows the computed x-ray radiation power density spatial
distribution as a function of time up to 10 ps after the laser pulse.
The simulations are the result of hydrodynamic model computa-
tions with transient atomic kinetics in which the VLPL PIC code
was used to simulate the first stages of nanowire plasma formation
until the nanowires are fully dissolved. Both targets are assumed
to be irradiated with an intensity of 4 × 1019 W cm−2. It is shown
that irradiation of the Au nanowire array results in both a
large increase in the radiating volume and a larger emitted power
density. In the case of the flat solid target, most of the x-ray
emission takes place in a very thin supercritical layer heated by
conduction, where acceleration and expansion cooling take place,
with the plasma density rapidly dropping orders of magnitude in
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1 mm. The much larger heated plasma depth in the nanowire
plasma greatly increases the plasma hydrodynamic cooling time.
Simultaneously, the larger plasma density results in an increased
electron collisional excitation rate, leading to a shorter radiative
cooling time.

The magnitude of these effects is quantitatively illustrated in
Fig. 3 by atomic kinetic calculations that compare the character-
istic radiative and hydrodynamic cooling times of a Au flat target
plasma and a Au nanowire array plasma. The computations were
conducted with the hydrodynamic/atomic physics code Radex
[26]. Figure 3(a) shows the cooling times for Au plasma with
a density of ne � 6 × 1022 cm−3 and a thickness of 0.2 μm.
These are the typical parameters of the x-ray emitting layer com-
puted by both PIC and hydrodynamic models for plasmas created
by irradiating a solid Au target. Both models give similar source
thickness values in spite of the fact that RADEX is approaching
the validity limit of the hydrodynamic approximation. In this
case, the great majority of the laser energy is lost in the hydro-
dynamic expansion before collisions have time to convert the elec-
tron kinetic energy into radiation. For the electron temperatures
of interest, the hydrodynamic cooling time is much shorter than
the radiative cooling time, resulting in a small CE. This result is in
contrast to Fig. 3(b) for a supercritical Au plasma with a density of

ne � 4 × 1023 cm−3, a value approaching 100 times the critical
density, typical of the conditions resulting from irradiating the
nanowire arrays with the intensity we used in the experiments.
In this case the radiative cooling time is smaller than the hydro-
dynamic cooling time, leading to greatly increased radiation effi-
ciency.

For larger average density nanowire arrays irradiated at in-
creased intensities, even higher electron densities will result
[27], further driving the plasma into a radiation loss dominated
regime.

The large increase in CE we report here is made possible by
selecting a combination of irradiation and target parameters de-
signed to achieve the condition in Eq. (1). First, we use ultrahigh
contrast >1012 laser pulses that avoid destroying the nanowires
and establishing a critical density layer before the main pulse ar-
rives. Second, we use short laser pulses (55 fs) that allow for nearly
all of the laser energy to be deposited deep into the array before
the nanowires explode and close the interwire gap, forming a con-
tinuous critical density surface. After this time, no further efficient
coupling of the laser energy can occur into the volumetrically
heated plasma. Third, the use of long nanowires allows for volu-
metric heating to occur to depths of 4–5 μm [27], increasing the
hydrodynamic expansion time. Fourth, we use dense arrays, in
which the plasma density reaches nearly 100 times the critical

Fig. 1. (a)–(c) PIC simulation of the electron temperature distribution
in a 55 nm diameter Au nanowire array irradiated by a λ � 400 nm laser
pulse of 55 fs duration at an intensity of 4 × 1019 W cm−2 at three differ-
ent times after the laser pulse. (d)–(f ) show the corresponding electron
density maps.

Fig. 2. Computed evolution of the x-ray radiation power for (a) a Au
flat target and (b) a Au nanowire target, both irradiated at an intensity of
4 × 1019 W cm−2 with a 55 fs FWHM pulse. The array of nanowires is
assumed to be composed of 55 nm diameter wires with an average density
of 12% solid. Time is measured with respect to the peak of the laser
pulse, and the distance is in the direction normal to the target surface.

Research Article Vol. 4, No. 11 / November 2017 / Optica 1346



density, which results in high collisional rates and, consequently,
in very short radiative cooling times. Fifth, we use relativistic ir-
radiation intensities that heat the plasmas to multi-keV temper-
atures deep into the array, which leads to a high degree of
ionization [16], an increased electron density, and a decreased
radiation lifetime. This simultaneous set of conditions differs
from those in previous experiments that measured x-ray yield
from nanowire targets. Prior work used either picosecond pulses
[12], short wires [12,14], relatively low contrast pulses [12–14],
or non-relativistic intensities [11–14]. This limited the radiation
fraction obtained for hν > 1 keV to values nearly two orders of
magnitude smaller than that we report here.

For photon energies hν > 1 keV, both Au and Ni nanowires
display a convex angular emission profile with maximum intensity
in the direction normal to the target (Fig. 4), resulting from
increased opacity in the periphery of the plasma. Integration
of these emission profiles over a hemisphere gives us the total
x-ray yields shown in Fig. 5. Comparison of the x-ray CE for
Au and Ni nanowire array targets of different wire diameters
shows that the x-ray emission is higher for Au. CE is defined here
as the ratio of the measured x-ray energy for photons hν > 1 keV
(or >6 keV) emitted into 4π sr divided by the laser drive energy
impinging onto the target. The highest yield corresponds to

targets with 80 nm diameter Au nanowires, with an average
CE of 18% and individual shots reaching values up to 22% in
4π sr [Fig. 5(a)]. This CE for hν > 1 keV exceeds the highest
reported values reported using any type of target by more than
one order of magnitude [6] and those reported for nanowire
targets by two orders of magnitude [12]. Figure 5(b) compares the
hν > 6 keV plasma emission from Au nanowire targets of differ-
ent nanowire diameters to that from a Au foil target irradiated
with the same pulses. At these energies, the active region of
the Si detector starts to become transparent to the radiation.
We corrected the measured photodiode signal for the 50 μm
thickness of the Si detector active region, and also for the energy
dependency of the filter transmissivity. For the latter, since model
simulations show there is no line radiation above 6 keV for these
transient Au plasmas, we assumed the spectral distribution is that
resulting from bremsstrahlung plus photorecombination. This
continuum radiation was calculated using the electron energy dis-
tribution computed by PIC simulations. With these corrections,
the 80 nm Au nanowire targets are estimated to radiate at
hν > 6 keV with a CE that exceed 0.8% in 4π sr, an increase
of 14 times over Au foils irradiated by the same laser pulses.

The increase in x-ray flux, the small source size of ∼5 μm de-
duced from the penumbra in a knife edge test, and the picosecond
pulse duration makes these plasmas an excellent x-ray point
source for time-resolved flash radiography. To illustrate this,

Fig. 3. Comparison of radiative and hydrodynamic cooling times as a
function of electron temperature for two different Au plasmas with char-
acteristics corresponding to the x-ray emitting region of (a) a flat solid
target, ne � 6 × 1022 cm−3, plasma size L � 0.2 μm, and (b) a nanowire
array plasma ne � 4 × 1023 cm−3 and plasma size L � 4 μm. The total
radiation time is the effective radiative cooling time computed from the
photorecombination, bremsstrahlung, and line radiation rates.

Fig. 4. Measured angular distribution of the x-ray fluence on
each diode from nanowire arrays at photon energies >1 keV for
(a) Au and (b) Ni nanowire targets of different nanowire diameters.
Measurements for flat solid targets of the same materials are included
for comparison. The irradiation intensity was 4 × 1019 W cm−2. Error
bars correspond to 1 standard deviation. Fluctuations in x-ray CE result
mostly from irregularities and imperfections in the ordered wire array.
The angle is measured with respect to the normal to the target surface.
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we conducted a single shot radiography experiment of a wasp’s
knee. Figure 6(b) compares a single shot radiograph taken by ir-
radiating an array of 100 nm diameter Ni nanowires with 15%
solid density to that obtained by irradiating a flat Ni solid target
with a similar laser pulse [Fig. 6(a)]. The radiograph taken with
the nanowire target shows that a single laser shot with a laser pulse
energy of only 25 mJ on target is sufficient to produce a detailed
image. In comparison, the image obtained with the flat Ni target
shows insufficient flux and would require over one order of mag-
nitude more shots to obtain a similar image.

4. CONCLUSIONS

In conclusion, we have demonstrated that the CE of optical laser
pulses into picosecond x-ray pulses can be greatly improved by
increasing the radiative to hydrodynamic energy loss rate ratio
in volumetrically heated supercritical density plasmas. By tailoring
nanostructured targets irradiated at relativistic intensities to fulfill
this condition, we have generated ultrafast pulses of hν > 1 keV
photons with a record efficiency of ∼20% into 4π sr. This in-
crease of more than one order of magnitude in the efficient gen-
eration of picosecond line and continuum x-ray radiation will
open new opportunities in flash radiography, including the back-
lighting of imploding capsules in laser fusion experiments, in
opacity measurements of matter at the conditions of stellar inte-
riors, and in table-top applications requiring intense picosecond
flashes of x-rays. Furthermore, the results will also motivate more
efficient x-ray generation experiments at larger laser facilities.
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