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Intense X-ray sources are enabling tools for Science: Cologgczg
Free-electron lasers generate extremely bright x-ray beams University
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Motivation for plasma-based X-ray sources: Important COl(@(Eg

applications require bright X-ray source on the site of the experimen
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Colorado
Soft x-ray laser amplification in dense plasmas &’a%e
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Modeling requires extensive accurate atomic data
Simulations by Mark Berrill



CCD Pixels (x107)
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High repetition rate table-top SXRL In
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A transitions of Ni-like ions down to 10.9 nm e
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Gain-saturated table-top laser at 8.8 nm

Pulse energy up to ~ 2.7 pJ
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Extension of table-top SXRL to sub-10 nm
wavelengths using lanthanide ions
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coherence and shorter pulse width
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Injection-seeding SXR Lasers have full phase-
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Pump-probe measurement of ultrafast population cgjo
dynamics and gain in a SXRL plasma amplifier
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* Following amplification of seed pulse the gain fully recovers in 1.5-1.75 ps

Y. Wang et al. Nature Photonics, 8, 381, (2014)

* Result open possibility of CPA in SOft X- ray plasma amplifier for ultra-

bright fully coherent pulses.

E. OLiva et al. Nature Photon.ics, 6, 766, (2012)



SXRL efficiency can be significantly
Increased by tailoring the plasma generation
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For maximum SXRL efficiency the time of peak Ni-like ion
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Pump laser pulse-shaping increases Colo (Eg
SXRL amplifier gain
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Simulated A = 13.9nm small signal gain
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Short pre-pulse combined with low intensity pedestal results in
a stronger amplification, longer gain duration and larger gain cross section
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Gain-Saturated, A =13.9 nm Colo (Eg
Laser at 100 Hz Repetition Rate Troery
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Impact Inside and Outside Research Field: Intense soft x-ray  COIQ (Eg
laser beams can probe dense plasmas and explore/shape the nanow ity
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Bright incoherent X-ray sources: high X-ray yield requiresCologg%)
simultaneous high density and large plasma size Uniersiy
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Plasma density and size can be both increased simultaneously > 100 X COI% O
by irradiating aligned nanowire arrays with intense femtosecond laser pulses=tieniy

Solid slab target

Laser pulse
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PIC simulations show heat penetrates depths of several um creating Colo (Eg
multi- KeV temperature plasmas with densities up to 100 X critical Cersty
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Simulations predict volumetrically heated Colo (Eg
super-critical Ni plasmas ionized to He-like stage Chiveriy
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Experiment at CSU’s Ti:Sapphire laser COlogfa%g

Experiments with 0.5J (2w), 50-60 fs laser pulses

Laser upgraded to 32 J before compression
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Gold ionized to Au*48-22
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Very High Conversion efficiency into > 1 KeV X-Rays

Irradiation intensity 2 x 10 ¥ W Cm~2
CE > 8 percent, with individual shots up to 12 % CE into 2Tr
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Creation of ultra-hot dense matter Colo (Eg
Ultra High Energy Density (UHED) Plasmas University
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Conclusions and Prospects

Plasmas can be tailored into bright sources of

coherent and incoherent X-rays : enabling
tools for plasma science and other fields

Current Status

« Tabletop SXR Lasers down to 8 nm (gain
saturated)

100 Hz repetition rate, 0.1 mW, @ A=13.9 nm

* Incoherent ps keV x-rays efficiently generated from
volumetric heating of ordered nanostructures:

anew UHED regime (100 x ne. keV temperatures)

Frontiers:
 Sub-5nm table-top x-ray lasers
« Femtosecond table-top x-ray lasers

 Fully coherent table-top SXR Lasers with average
powers similar to present SXR FELs

« X-ray conversion efficiency into picosecond
incoherent pulses > 80%

 Tools needed: High energy ultrashort pulse high
renpetition rate lacers
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Gain-saturated table-top SXRLs cover  colo %e(:)
8.8 nm - 47 nm wavelength region e
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Extension of gain-saturated table-top SXRL to Colorado
sub-10 nm wavelengths using lanthanide ions Chiensiy
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Collisional X-ray lasers make use of closed-shell ion stability COIO&(}‘%)
over a large range of temperature and plasma density University
S




| o Cologado
X-ray yield from ultra-shot pulse irradiated targets e
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High repetition rate, diode-pumped table-top Colo %(:)
soft x-ray lasers. (e

ver Laser Soft X-Ray Plasma Amplifier

. i 3
Laser Diode Pumping Advantages . Yb™Llasers
Fs/2
A : .. —
» < Highly efficient
| x » >50% Electrical efficiency Laser
L * Narrow bandwidth 1030
5.: * Efficiently pump a single transition nm
-« Directional , v
;_-f.;..' * End-pumping Fa2 ™
~ * Very high average power - Absorption bands at InGaAs wavelengths
. « Allow high repetition rate
« Compact « Small guantum defect (<10%)
g « Long lifetime for high energy storage




1.8 x 105 Consecutive Soft X-Ray Laser Shots COlogig(t‘g
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Angular distribution of > 0.9 KeV X-ray emission
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>9 KeV X-ray emission profile increases at large angles
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Scaling to shorter wavelengths requires olo (Eg

hotter-denser plasmas tatc
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Free-electron lasers generate very bright soft x-ray ColO %(:)
beams with high pulse energy and high average power Utiversiry

PHOTON BEAM
PARAMETERS TO DATE *

PARAMETER VALUE UNITS

Photon energy range (at 19-62 eV
present no third harmonic)

20-65 nm
Energy/pulse 20-30 WJ
2.5 10 2 photons/pulse @ 20 nm
Average Power: 0.2-0.3 mW Repetition rate 10 Hz

Estimated pulse length <150 fs
FWHM

FEL bandwidth AE/E 6 104

* http://www.elettra.trieste.it/FERMI/
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Experimental setup

rr— Grating pulse compressor
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New result:
Measurement of heat penetration depth using X-ray COIO&;‘%?

e . University
spectroscopy of dual-composition nanowire arrays
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Gain dynamics of ASE and seeded soft x-ray ek 6)
amplifiers
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Y. Wang et al. Nature Photonics, 8, 381, (2014)
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Demonstration of Gain-saturated table-top laser at ol %g
8.8 nm at 1 Hz repetition rate

An NSF Enginsaring Research Cantar University

Ni-like Lanthanum 4d'S;- 4p'P, 7.5 J Total Pump Energy
6.2 mm
l Pulse energy up to ~ 2.7 uJ
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D. Alessi et al. Phys. Rev. X ,1, 021023 (2011)



Extending diode-pumped lasers Colo (Eg
to A=10.9 nm et
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X-ray yield measurements

Array of 12 filtered X-ray filtered photodiodes 5
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PIC simulations show heat penetrates depths of several pm Colorado
creating KeV temperature plasmas with densities up to 100 X critical ~tesiv

Intensity: 5 x 10 18 W cm2 |, 55 nm diameter wires, 0.12 solid density target
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Scaling laser pulse length: what laser pulse lengths Colo (Eg
are effective ? Impacts future implementation at large facilities Chiversity

Ni nanowires 55nm diameter ; 13% solid density, I~ 5x1018 cm
X-Ray emission from He-like observed with laser pulse length up to 180 fs

Increase pulse duration at constant pulse energy
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Au array irradiated with 50 J, 500 fs pulse (LLNL Titan) Colo (Eg
predicted to reach He-like Au Crersty

Tunneling ionization will produce charge states exceeding
Z=50, subsequent collisional ionization will lead to Z up to 77.
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Compact plasma-based soft x-ray lasers Colo (Eg
can be installed at the application’s site Chneriy
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[ Nanomachining

* High pulse energy (uJ-mJ) Nanoablation
* High monochromaticity (AAA < 104) g™ ,



