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Relativistic nanophotonics: creating extreme plasma 
conditions and fields with ultrafast laser pulses
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Soft x-ray lasers Relativistic Laser-Matter Interractions

High Power Utrashort Pulse Laser Development

Diode-Pumped: 1 J, < 5 ps,  1 kHz, 1 kW average 
power laser 0.85 PW, 3.3 Hz laser

High Power Laser and ultra-Intense Laser-Matter Interaction at CSU’s 
Advanced Beam Laboratory



I = 1 x 10 22 W cm-2

240 Gbar

>150 Gbar

Sun Core

NIF Implosion

Nanowire  array plasma

Path to extreme plasma conditions by irradiation                      
of aligned nanowire arrays

> 300 Gbar (predicted)



Increasing time

Nanowire target

Volumetric heating of UHED plasmas by Irradiation of aligned                            
nanowire arrays with utrashort laser pulses of relativistic intensity

100X Nec,, 
Large size

Solid slab target

Nec



Impinging

Reflected

Laser irradiation of aligned nanowire arrays at I =5x 10 18 W cm-2 creates
multi-KeV temperature plasmas with densities up to 100X critical 

Intensity: 5 x 10 18 W cm-2, 55 nm  diameter Ni wires, 0.12 solid density target

MM. Purvis et al. Nature Photonics, 7,796, (2013)



30% solid density Au15% solid density Au7% solid density Au

Nanowire arrays SEM Images



At  5 x 1018 W cm-2 Nickel He-α emission exceeds K-α

MM. Purvis et al. Nature Photonics, 7, 796 (2013)

0.5 J pulse , 55 fs duration 



Measurement of heat penetration depth monitoring emission 
from buried tracer element shows volumetric heating

Nickel

Cobalt

Nickel

Cobalt

55 nm diameter, Ni wires, 13% solid density; I = 4x1019 W cm-2, 55 fs  

C. Bargsten et al. 
Science Advances, 3,(2017), 



Long PulseShort Pulse

Absorption of intense ultrashort laser pulses in nanowire arrays

Reflected

Two regimes 



Measuring energy coupling with a two pulse schemeIrradiation with two delayed ultrashort pulse  determines the time 
available for efficient energy coupling

• 80nm Ni wires 12% solid density
• Pulse intensities 4x1019 -1x1020 Wcm-2

He-α line intensity drops past 150fs



Energy density  and pressure distribution
55 nm diameter, Ni wires, 13% solid density; I = 4x1019 W cm-2, 55 fs  

22 GJ cm-3

1 GJ cm-3

7 Gbar

125 Gbar

C. Bargsten et al. Science Advances, 3,  e1601558  (2017), 
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Warm Dense Matter

Hot Dense Matter

HED > 105 J/cm3 

(1 Mbar)

Spherical 
Compression

Radiatively
Heated 
Foils

Foams

Planar 
Shocks

Planetary    
Cores

Nanowire 
Arrays

Ultra-Hot Dense Matter

UHED > 108 J/cm3 

(1 Gbar)

NIF
hohlraum

Electron Density (cm-3)

Matter in the ultra high-energy density regime
( > 1x108 J cm-3, pressures > 1 Gbar)  

MM. Purvis et al. Nature Photonics, 7, 796 (2013)



In volumetrically heated nanoarray plasmas radiation 
cooling can dominate over hydrodynamic cooling 
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Laser

Plasma density 
and size can be 

increased        
~100 X 

100X Nec, 
Large size

Nec, 
small size

Increasing time

Nanowire target

Solid slab target

τ rad ∝
1

σ v ne
 < ΔL

Cs

∝τ hydro
Large Plasma Size

Large Plasma Density

Rapid 
Hydrodynamic 
expansion 
cools the 
plasma

Radiative lifetime  <  Hydrodynamic time

R. Hollinger et al., Optica, 4, 1344, (2017) 

Increased X-ray CE from nanowires (< 1 % efficiency): G Kultzar et al. (PRL, 2000); T. 
Nishikawa et al (Appl. Phys.B, 2004); S. Modal et al (Phys. Rev.B, 2011)



Record Conversion Efficiency into > 1 KeV X-rays 

CE ~ 20 percent, with individual shots up to 24% CE into 4π

R. Hollinger et al., Optica, 4, 1344, (2017) 

I ~  4 x 10 19 W cm-2

30

24

18

12

6

Highest Shot on Au nanowires 
(CE > 24 % in 4 π)
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Single Shot X-ray Imaging (3 µm Spatial Resolution)

Nanowire 
Target Holder

Sample 
Holder

Laser Focus
OAP

Visible Light 
Blocks 20X Magnification

CCD

Wasp Knee

Nanowires
30 mJ on 
target



Deuterated Polyethylene
Nan target

Nanowire target

Deuterium ion acceleration and                                                 
neutron production in deuterated nanowires 

Increasing time

100X Nec,, 
Large size

2
1
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2.45 MeV

CD2

A. Curtis et al, Nature Comm.,1077 (2018)



Flat Target Nanowire

Deuteron energies up to 3 MeV measured
Intensity   8 x 1019 W cm-2



Deuteron and Neutron Detection Setup
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Neutron Time of Flight: D-D Fusion Neutrons 
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t1 t2
time

hν (v=c)
N (v<c)

A. Curtis et al, Nature Comm.,1077 (2018)



Nanowire arrays display 500 X increased neutron yield           
as compared with CD2 flat targets
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Maximum measured neutrons/shot: (>2.5 x 10 6 neutrons/Joule)

Nanowire 
target Flat 

target



Predicted Formation of Relativistic Nano-pinch 
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5 x 10 21 W cm-2

Laser-induced return current  densities of ~ 0.1 
Giga-Amperes per µm² through the wires

Nanowire pinch

V. Kaymak et al, Phys. Rev. Lett,.117, 035004 (2016)



The large return current generates a Giga-Gauss azimuthal 
magnetic field and nano-scale Z-pinch with > 1000 times nec

Carbon nanowires 300 nm diameter,  I=5 x1021 Wcm-2

B Field in Giga-Gauss
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- 40fs

- 17fs

- 9fs

8fs

Electron density in units of 
critical density (nec)

V. Kaymak et al,  Phys. Rev. Letters 117, 035004 (2016).

- 46 fs

-9fs



Self-generated quasi-static azimuthal magnetic field pinches nanowires           
into hot plasmas with ne> 9x1024 cm-3,  > 1000 times the critical density

Electron density maps  300  nm  C nanowires,  I= 5x1021W cm-2

- 34fs - 17fs

- 9fs 10fs

- 40fs

- 17fs

- 9fs

8fs
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V. Kaymak et al,  Phys. Rev. Letters 117, 035004 (2016).



Au atoms ionized 69 times in an electron beam ion trap (EBIT)

26
G.V. Brown et al Physical Review E 77, 066406 (2008)

LLNL Super EBIT 
Ne =1012 cm-3

Densities > 10 orders of 
magnitude below solid density

EBIT

Au+69

Au+68

17900 eV

>100 keV

Ne-like Au



High energy lasers Ionizes gold to Au+57
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‘Hot’ hohlraum OMEGA 
Ne =1021 cm-3

EL= 9kJ ; Te=6.5 keV

M.J. May et al High Energy Density Physics 4, 78-87 (2008) 

Ti-like Au+57

OMEGA LASER  (U. Rochester)



28
M. Purvis et al Nature Photonics 7, 796- (2013)

Previous experiments at  5x1018 W cm-3 show emission  from 
up to Ni-like Au52+ and optical volumetric heating



Ion charge distribution as a function of depth: 

Irradiation intensity  of 1 x 10 22 W cm-3 predicted to create 
extreme ionization states in Au  (eg. F-like Au)



0.85 PW laser operation at 3.3 Hz and
high-contrast ultrahigh-intensity λ = 400 nm
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We demonstrate the generation of 0.85 PW, 30 fs laser
pulses at a repetition rate of 3.3 Hz with a record average
power of 85 W from a Ti:sapphire laser. The system is
pumped by high-energy Nd:glass slab amplifiers frequency
doubled in LiB3O5 (LBO). Ultrahigh-contrast λ ! 400 nm
femtosecond pulses were generated inKH2PO4 (KDP) with
>40% efficiency. An intensity of 6.5 × 1021 W∕cm2 was
obtained by frequency doubling 80% of the available
Ti:sapphire energy and focusing the doubled light with
an f ∕2 parabola. This laser will enable highly relativistic
plasma experiments to be conducted at high repetition
rate. © 2017 Optical Society of America

OCIS codes: (140.3280) Laser amplifiers; (140.3590) Lasers,
titanium; (320.7090) Ultrafast lasers.

https://doi.org/10.1364/OL.42.003828

There is great interest in ultrahigh-intensity laser pulses for rela-
tivistic ultrahigh-energy density science, ultrashort-wavelength
coherent and incoherent radiation sources, and particle accel-
eration. The advent of chirped-pulse amplification (CPA) [1]
enabled dramatic growth in the peak power of the most power-
ful lasers [2,3]. Several petawatt (PW) lasers have been demon-
strated or are under development in laboratories worldwide
[4–11]. New laser systems aimed to generate peak powers of
10 PW also are under development [12–16]. The first laser
to achieve the PW power level did so by compressing kJ pulses
from an Nd:glass laser to ps pulse duration [4]. Other lasers
achieved this peak power level with less energetic pulses of
hundreds of J and hundreds of fs pulse duration from Nd:glass
amplifiers [5,6]. These lasers typically fire at a repetition rate of
several shots per hour. A second class of PW-class lasers pro-
duces much less energetic pulses of shorter pulse duration, typ-
ically 30 fs or less [7–10]. To date, most PW lasers have been
developed with Titanium:Sapphire (Ti:Sa) as the gain medium,
which offers broad bandwidth and fs pulse duration [7–17].

Alternatively, the technique of optical parametric CPA applied
to PW laser offers the advantages of a wider bandwidth, high
temporal contrast, small thermal effects, and tunable wave-
length [7,8,10] but with typically lower efficiency. High-power
Ti:Sa lasers were demonstrated at the >100 TW peak power
level at 10 Hz repetition rate [3]. However, the repetition rate
of such lasers decreases greatly as they are scaled to PW, mostly
due to heat removal limitations in the pump lasers. The highest
peak power achieved to date is a 5.4 PW Ti:Sa laser [9]. The
highest repetition rate reported for PW class lasers is 1 Hz [11]
and significantly less in most other cases [5,6,8]. A diode-
pumped Nd:glass-pumped Ti:Sa laser is under development
to generate PW pulses at 10 Hz [18]. Presently in the com-
missioning phase, this laser has so far been demonstrated to
generate 16 J pulses at 3.3 Hz repetition rate that, once com-
pressed, should produce >0.4 PW peak power pulses with an
average power >40 W [18]. A Ti:Sa field synthesizer also is
under development with the goal of reaching a PW level output
at a repetition rate of 10 Hz [19]. While diode pumping of PW
lasers has clear advantages for scaling to high repetition rates
and increased efficiency, flash lamps still remain greatly more
affordable. Here we report the demonstration of a flash-lamp-
pumped Ti:Sa laser, which generates 0.85 PW pulses of 30 fs
duration at 3.3 Hz repetition rate with a record average power
of 85 W after compression. This is the highest average power
reported to date for a PW class laser.

The laser setup is schematically illustrated in Fig. 1. It
consists of a conventional Ti:Sa front end that delivers λ !
800 nm pulses into a chain of three high-power Ti:Sa amplifi-
cation stages pumped by Nd:YAG slab amplifiers designed to
operate at repetition rate up to 5 Hz. An 87 MHz Kerr lens
mode-locked oscillator (KMLabs) produces 45 nm bandwidth
pulses that are stretched to 550 ps FWHM using a grating
stretcher [20]. A Pockels cell selects pulses at a frequency of
10 Hz to match the repetition rate of the first two stages of
Ti:Sa amplification. These low-energy multipass amplifiers gen-
erate 3 mJ and 250 mJ pulses when pumped by a commercially
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3.3 Hz, 0.85 PW- Ti:Sapphire Laser System

Facility constructed with support from DOE, NSF, AFOSR, and the  W.Keck Foundation 



ALEPH: Advanced Laser for Extreme Photonics

“I saw a small iridescent sphere 
of almost unbearable brilliance.” 

JLB



Slab amplifier on double-pass configuration 

40 cm

Good beam uniformity

18 J at 3.3 Hz



Pump laser slab amplifiers for 36 J Ti:Sapphire amplifier 
operating at 3.3 Hz repetition rate
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Slab amplifier





3.3 Hz laser run, 36.3 J average 
energy before compressor

Spatial beam profile

❑ Average pulse energy 36.3 J

❑ Shot-to-shot variation ~1.7% rms



Laser spectra,  30 fs pulse duration

laser spectra through the system

Autocorrelation trace of the compressed pulses obtained 
from a single shot real-time spectral phase measurement.

30 fs

Wizzler

Frog

> 50 nm

……….. Stretcher
- - - - - 1st stage amplifier
_____ Final stage amplifier

Δ t=30 fs

30 fs



Dichroic 
mirrors

SHG Crystal

Ultra-high contrast pulses: > 1x1012 

Frequency Doubling and filtering of fundamental beam



Y. Wang et al. Optics Letters, 42, 3828   (2017)

High contrast (> 1 x 10 12) in second harmonic beamline
f/2 parabola achieves 6.5×1021 W/cm2

6.5×1021 W/cm2



Relativistic Induced Transparency and Electron 
Acceleration in Dense CD2 Nanowire array

Irradiation intensity I = 2.7x1021 W cm-2



Relativistically induced transparency allows for deep laser pulse 
propagation into overdense CD2 plasma



200nm nanowires 
best shot  

200 nm nanowires

Solid  targets

Relativistically Transparent Nanowire array target generates 
MeV electrons with increased energy and total flux

CD2 Nanowire Array Electron Spectra (forward direction)

• Integrated flux enhanced 5x for typical NW shot over solid
• Best shot flux enhanced 24.5x over solid target



Increase of 3.6 X in > 1 MeV Gamma ray flux 



Ion Trajectories 
CD2 nanowires, I= 5x1021 W cm-2



Neutron production increased to > 2x107 n/shot 
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X-rays Neutrons

TOF detector at 2m with 10 cm lead shielding



Ion trajectories 

CD2 Nanowires,  400 nm diameter, 5 x 10 21 W cm-3



Comparison with CD2 flat solid target

Ion beam in laser backward directions



Angular Ion Distribution Measurement (> 13.3MeV D)

-22.5 -7.5 0-15 7.5

-6.46o

FWHM=7.5o
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I= 4x1021 W cm-3

15 % solid density 

Au Nanowires
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Laser drives hot electrons at tip of wire into plasma

!m

• Laser drives hot 
electrons at tip of 
wire into plasma

• Peak electron 
energy density of 
>1TJ/cc at tip of 
wire 

• Electrons deposit 
energy through 
the volume 
ending with an 
energy density of 
~100 GJ/cc 

• Large current 
density causes    
J x B force to 
pinch the wire 

Current toward substrate

Return current



Au L shell spectra from solid and near solid density plasmas 
show emission from ions up to N-like Au72+

• Both targets 
show emission 
up to N-like Au72+

• Nanowire target 
charge state 
peaks around Al-
like Au66+

• Solid target is 
peaks around Ne-
like Au69+

100nm nanowire 
array 15% solid 
density

Solid density flat target

I= 3x1021 Wcm-2 (ao = 21)

R. Hollinger et al., Nature Photonics, 14 ,607, (2020) 



In steady state ionization equilibrium Neon-like ions 
appear at temperatures > 10 KeV
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Simulation of solid target heat penetration depth agrees 
with experiment 

Laser direction

+500fs after peak of laser pulse

Nickel

Gold

~25 µm

L

Laser

L=1.0µm Au on Ni L=1.5µm Au on Ni

He-like Ni

Solid Ni target

R. Hollinger et al., Nature Photonics, 14 ,607, (2020) 

[!m]

D
ep

th
 [!

m
]



I=4x1021 Wcm-2 (ao = 21)

Laser

Buried Ni tracer reveals heat penetration in nanowire 
array exceeds 8 micrometers

~8µm Au on Ni 100nm 15% NW

Gold 8µm

Nickel

He-like NI
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He-Like Au+77 solid density  plasma predicted

4x1021 Wcm-2 with a 5 !m FWHM diameter focal spot 

R. Hollinger et al., Nature Photonics, 14 ,607, (2020) 



2 TJ cm-3

7 Tbar

80 GJ cm-3

0.35 Tbar

Ne= 2 x 10 25

cm-3

Scaling to 1x1022 W cm-3 ( a0 = 34)
55 nm diameter Au nanowires , 13% solid density,  400 nm, 30 fs  

Bargnsten et al., Science Advances, 3,  e1601558  (2017) 
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• Interactions of high contrast, relativistic laser 
pulses with nanostructures creates ultra high 
energy density plasmas with extreme 
conditions.

• Demonstrated Au plasmas with extraordinary 
degree of ionization,    N-like Au line emission.

• Measured record conversion efficiency  optical 
laser light into picosecond x-ray pulses of up to 
20% for hv >1 keV

• Measured increased flux and energy of fast 
electron and ions

• Generated flashes of quasi monoenergetic 
neutrons from D-D fusion

Work supported by US  DOE, AFOSR, ONR

Conclusions:
Interaction of highly relativistic ultrashort laser pulses with nanostructures

Using Facilities supported by LaserNet US
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