Relativistic nanophotonics: creating extreme plasma
conditions and fields with ultrafast laser pulses
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Path to extreme plasma conditions by irradiation Colo (Eg
of aligned nanowire arrays it

Sun Core
240 Gbar

Nanowire array plasma
I=1x1022W cm-2
> 300 Gbar (predicted)

NIF Implosion
>150 Gbar




Volumetric heating of UHED plasmas by Irradiation of aligned
nanowire arrays with utrashort laser pulses of relativistic intensity
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Laser irradiation of aligned nanowire arrays at | =5x 10 '® W cm-2 creates Colo %(:)

multi-KeV temperature plasmas with densities up to 100X critical University
Intensity: 5 x 10 8 W cm2, 55 nm diameter Ni wires, 0.12 solid density target
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Nanowire arrays SEM Images C"l"éﬁ%’
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At 5x 10 W cm-2 Nickel He-a emission exceeds K-a Colo (Eg
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Measurement of heat penetration depth monitoring emission

from buried tracer element shows volumetric heating

—
55 nm diameter, Ni wires, 13% solid denS|ty, I = 4x1019 W cm2, 55 fs
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C. Bargsten et al.

Science Advances, 3,(2017),
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Absorption of intense ultrashort laser pulses in nanowire arrays >S'¢

Two regimes
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Irradiation with two delayed ultrashort pulse determines the time Colo %(:)
available for efficient energy coupling Dnversity

He-a line intensity drops past 150fs
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« 80nm Ni wires 12% solid density
 Pulse intensities 4x101% -1x1020 Wcm-2



Energy density and pressure distribution Colo a%g
55 nm diameter, Ni wires, 13% solid density; | = 4x101° W cm2, 55 fs Cnersity
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C. Bargsten et al. Science Advances, 3, e1601558 (2017),



Matter in the ultra high-energy density regime C010§@a(zg
(> 1x108 J cm3, pressures > 1 Gbar) ey
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In volumetrically heated nanoarray plasmas radiation COlOg%‘Eg
cooling can dominate over hydrodynamic cooling Cinfversicy

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

Large Plasma Size

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)
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Record Conversion Efficiency into > 1 KeV X-rays

CE ~ 20 percent, with individual shots up to 24% CE into 41
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Single Shot X-ray Imaging (3 pm Spatial Resolution)
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Deuterium ion acceleration and Colo do
neutron production in deuterated nanowires Chnensis

100X N,

Large size

A. Curtis et al, Nature Comm., 1077 (2018) 18



Deuteron energies up to 3 MeV measured
Intensitx 8 x 101° W cm™
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Deuteron and Neutron Detection Setup
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Neutron Time of Flight: D-D Fusion Neutrons e
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Nanowire arrays display 500 X increased neutron yield
as compared with CD, flat targets

e
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Predicted Formation of Relativistic Nano-pinch

Nanowire pinch
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23



The large return current generates a Giga-Gauss azimuthal

magnetic field and nano-scale Z-pinch with > 1000 times ne_

Carbon nanowires 300 nm diameter, 1=5 x1021 Wcm2

Electron density in units of
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Self-generated quasi-static azimuthal magnetic field pinches nanowires

into hot plasmas with n_> 9x10%4 cm3, > 1000 times the critical density
I

Electron density maps 300 nm C nanowires, |=5x1021W cm-2
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V. Kaymak et al, Phys. Rev. Letters 117, 035004 (2016).

220
165
110
55

0
816
612
408
204
0
3040
2280
1520

760

Colo a(zg

University

25



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

C010§{1a%(:)

: = Ne-like Au
v 70,00,0 ,'00 S AU+69 LLNL Super EBIT
o
o2 2o o°§o°o N Ne =102 cm-3
ek 090 17900 eV
| o 0; O/ "\ oo vea 1 — expt. 2p, - 3d,
Nel o el 118N ! 0/9O0 AU 401 — theory Si Mg
%0 S o -‘8:0 2p,-3s Al Na
%2 2% 020 35 g | 2,3 e
% . 00 6% >100 keV A P
%0 g0 20 1 st N Ne E,..=18keV
oo 307 €2 2> =657
- 9 ]
S 251 S
s ] o[
o
T 20 Si s|| M9
2 P Al Epear = 13 keV Na
2 QSMMM% . <Z>=636 M Ne
g 151 </>=063.
= | KAr
10
Epear = 11.65 keV
051 To=501
0.0 +— | s % %
8800 9200 9600 10000 10400
Densities > 10 orders of Photon energy (eV)

magnitude below solid density

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



Colog@a(%g

University

High energy lasers lonizes gold to Au*>’
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Intensity (a.u.)

Previous experiments at 5x10'® W cm-3 show emission from
up to Ni-like Au®?* and optical volumetric heating
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M. Purvis et al Nature Photonics 7, 796- (2013)

Electric field along laser polarization at time: -74 fs with respect to peak of pulse % 10"
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Irradiation intensity of 1 x 10 22 W cm3 predicted to create

extreme ionization states in Au (eg. F-like Au)

lon charge
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rge distribution as a function of depth:
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3.3 Hz, 0.85 PW- Ti:Sapphire Laser System

‘) | 3828  Vol. 42, No. 19/ October 1 2017 / Optics Letters Letter
Check for =
Updates .
- v -
ptics Lett ~
p———|

0.85 PW laser operation at 3.3 Hz and
high-contrast ultrahigh-intensity A =400 nm
second-harmonic beamline

Yong Wang,"t* SHousun Wang,"t ALex Rockwoob,?’ BRabLEY M. LuTHER,® REep HOLLINGER,'
ALDEN Curris,' CHase CaLvi,2 CARMEN S. MEenoni,™® aAND JorGE J. Rocca'?
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ALEPH: Advanced Laser for Extreme Photonics mloﬁgg

Jorge Luis

Borges

El Aleph

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

JLB

Biblioteca Borges
Alianza Editorial



Slab amplifier on double-pass configuration
18 J at 3.3 Hz
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Pump laser slab amplifiers for 36 J Ti:Sapphire amplifier Colo&%g
operating at 3.3 Hz repetition rate University
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Energy (J)

3.3 Hz laser run, 36.3 J average
energy before compressor
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Intensity (a.u.)

Laser spectra, 30 fs pulse duration

laser spectra through the system
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Ultra-high contrast pulses: > 1x10*2 Colo&%g
Frequency Doubling and filtering of fundamental beam Chiversi
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Relativistic Induced Transparency and Electron Colo %g
Acceleration in Dense CD, Nanowire array Uniersity

Irradiation intensity | = 2.7x102' W cm-2

A)

>1 MeV X-Ray
Detector




Relativistically induced transparency allows for deep laser pulse cColo %g
propagation into overdense CD, plasma v
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Relativistically Transparent Nanowire array target generates
MeV electrons with increased energy and total flux

CD, Nanowire Array Electron Spectra (forward direction)
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PMT Signal (V)
I

Neutron production increased to > 2x107 n/shot

TOF detector at 2m with 10 cm lead shielding
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CD, Nanowires, 400 nm diameter, 5 x 10 21 W cm-3
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Angular lon Distribution Measurement (> 13.3MeV D)

0 Angular Distribution of lons Penetrating 250um Cu Filter

* Counts vs. Angle
—Gaussian Fit
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Au Nanowires

Electric field along laser polarization at time: -74 fs with respect to peak of pulse ?51014
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Electron Energy Density [GJ/cc]

Electron energy distribution at time:
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Laser drives hot electrons at tip of wire into plasma
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Intensity [a.u.]
S S N N w w B o
o &) ) o)) o &) o )]

&)

Au L shell spectra from solid and near solid density plasmas

show emission from ions up to N-like Au’?*

I= 3x102' Wem-2 (a, = 21)

1 1 Ll ) I

100nm nanowire Al-like Auy
| array 15% solid .

density Ne-like Au
i L-a¢ Au F-like Au i
i O-like Au i

l N-like Au
- Solid density flat target
9.8 10 10.2 10.4 10.6 10.8 11
Energy [keV]
R. Hollinger et al., Nature Photonics, 14,607, (2020)
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Both targets
show emission
up to N-like Au’?*

Nanowire target
charge state
peaks around Al-
like Au®6*

Solid target is
peaks around Ne-
like Au®%*




Rel. Abundance [rel.un.]
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In steady state ionization equilibrium Neon-like ions

aeeear at temeeratures > 10 KeV
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Simulation of solid target heat penetration depth agrees Colo %(})
with experiment Crveray

+500fs after peak of laser pulse
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Buried Ni tracer reveals heat penetration in nanowire Colo %(})
array exceeds 8 micrometers Uhiversity

1=4x102" Wem-=2 (a, = 21) ~8um Au on Ni 100nm 15% NW
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He-Like Au*’’ solid density plasma predicted

4x10%t Wem 2 with a 5 um FWHM diameter focal spot

76 -
O (((((. (((.((((. ((((((((((((((((( . ((((. .((((.
0O O 0O OCLOOO OO0
o 69 - OO OO @ (CC. O
S ocsaoo o.o 00 O @O RO O
- 00 @
G @ O
[ =
Lo O
62 -
* | | 1 1 1
-1 0 1 2 3

Depth ( pm )

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

Cologgilg

University

54



Scaling to 1x1022 W cm™ (a,= 34) Colo a(%g

55 nm diameter Au nanowires , 13% solid density, 400 nm, 30 fs University
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Bargnsten et al., Science Advances, 3, e1601558 (2017)
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Conclusions: Colo %?

Interaction of highly relativistic ultrashort laser pulses with nanostructures University
R
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
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