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How can we generate XHow can we generate X--rays?  rays?  



Next / New Next / New generation xgeneration x--ray sourcesray sources

FLASH, LCLS, XFEL, SCSS, …

High-Power Short-Pulse X-ray Lasers    -- black horse  technology

FLASH, LCLS, XFEL, SCSS, …

註: short-pulse photon source是計劃附加於美國Stanford直線加速器之儀器，因此所需經費較低。

Science 298, 1356 (2002)



Motivation for the development of tabletop soft Motivation for the development of tabletop soft 
l ?l ?xx--ray ray lasers?lasers?

Fulfill  our scientific curiosity
New physics in light-matter interaction  

Push laser actions toward shorter wavelengths

Provide compact coherent high brightness highProvide compact, coherent, high brightness, high 
temporal resolution short wavelength light source for 
applicationsapplications

X-ray Lithography, Microscopy, Tomography… etc



Characteristics of soft xCharacteristics of soft x--ray / EUV ray / EUV laserslasers

Lasing Wavelength: few to 10’s nm

Gain Medium: Highly ionized plasma with closed   
h ll fi tishell configuration

Pumping Source: High power/energy laser &       p g g p gy
high voltage discharge

O ti M d Si l h lf itOperation Mode: Single pass or half cavity
gain length product GL > 5



Simplified 3Simplified 3--level laserlevel laser

E1 = hν1

E = hν

upper level

E2 = hν2

l l l E1 = hν1 E =ΔE > E

low Ee

lower level E1 hν1 E1=ΔE > E2strong
E-fieldhigh Ee

collisional
excitation

ground level
Ee >~ΔE >E1 > E2



Energy diagram of Energy diagram of collisionalcollisional excitation soft excitation soft 
l i Nl i N liklik AA ii

3p J = 0

xx--ray laser in Neray laser in Ne--like like ArAr ionsions

Relative Ion Abundance
3p, J = 0

soft x-ray laser

lli i l

3s, J = 1

collisional
excitationfast decay

Ne-like Ar

2p6 ground state



Origin of xOrigin of x--ray laser: Star War ray laser: Star War 



First laboratory xFirst laboratory x--ray laser at 20.6 & 20.9 nmray laser at 20.6 & 20.9 nm
In 1984



Soft xSoft x--ray laser generation ray laser generation 

CCD
λ

CCD

1200 line/mm
slab target

gratingpump laser

infrared pump laser pulsegas jet infrared pump laser pulse
beam dia. = few to 10's cm

gas jet



UltraUltra--high Power Laser high Power Laser SystemSystem



Chirped pulse amplification schemeChirped pulse amplification scheme



10 TW 10 TW femtosecondfemtosecond laser system layoutlaser system layout
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10 TW 10 TW femtosecondfemtosecond laser system laser system –– II

10 TW Laser System 25 fs Oscillator

Stretcher



10 TW 10 TW femtosecondfemtosecond laser system laser system –– IIII

Regenerative Amplifier 3rd Stage Amplifier

2nd Stage Amplifier



100 TW 100 TW beamlinebeamline 5 pass amplifier5 pass amplifier



100 TW 100 TW laser system at NCU  laser system at NCU  

Pump Laser



What What a100 a100 TW laser pulse can do?TW laser pulse can do?

high field science (phenomenal related to high E & B)



The next frontier of Laser Chemistry & PhysicsThe next frontier of Laser Chemistry & Physics

Science 295, 1659 (2002)



National National Ignition FacilityIgnition Facility

https://lasers.llnl.gov/



Generations of Generations of collisionalcollisional excitation OFI excitation OFI 
XX--ray lasers in a clustered gas jetray lasers in a clustered gas jet



i i ti t h ti f l t i l ti i i

Principle of opticalPrinciple of optical--fieldfield--ionization xionization x--ray laserray laser

tunnelling ionization heating (accelerating)

ionization to
specific ion stage

heating of
electron

electron-ion
collisional excitation

population inversion
and lasing

3d94f 1P1tunnelling ionization
by strong

laser pulse

heating (accelerating)
by the laser pulse
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Simplified energy diagram of Ni-like Kr

linear
polarization circular

polarization
The average electron energy obtained from
above-threshold-ionization heating is much
higher for a laser pulse of circular polarization

energy
g p p

than that of linear polarization.



XX--ray laser generation with longitudinal pumpingray laser generation with longitudinal pumping

CCD

low contaminationlow contamination
@ high repetition rate 

1200 line/mm
gratingpump laser

gas jet

Control of pump laser propagation in 
plasmas is the key issue for optimizing Ioni ation defoc singplasmas is the key issue for optimizing 
OFI XRL output !

Ionization defocusing



Diffraction and ionization defocusing effectsDiffraction and ionization defocusing effects

diffraction
laser

wave guiding

gain region

diffraction
+ ionization defocusing

laser

gain region

+ ionization defocusing

laser

Efficient guiding of the pump pulse can 
increase the length of the gain region 
dramatically !!gain region dramatically !!



Plasma waveguide formation using Plasma waveguide formation using axiconaxicon ignitorignitor--
heater schemeheater schemeheater schemeheater scheme

axicon

t

short prepulse
( Ignitor )

line focus

long prepulse
( heater )

line focus

tim
e

pump pulse

channel formation
by thermal expansion

delay

pump pulse



Experimental setupExperimental setup
probe 
beam

reference 
beam

heater 
pulse

relay 
image

thin-film 
polarizer

x-ray
t t polarizerspectrometer

OAP ignitor 
pulse

λ/4  

Axicon pump 
pulse

λ/4-wave 
plategas jet

interferogram

∗∗ 10-mm nozzle is used to provide∗∗ 10 mm nozzle is used to provide
a longer gain medium



Photography of experimental setupPhotography of experimental setup

10 10 
cm



Kr Kr lasing at 32.8 nm lasing at 32.8 nm with & without waveguidewith & without waveguide

(a) without waveguide; Natom: 8×1017 cm-3

Interferograms in 9-mm gas

output : 2×108 photons absorption

(b) without waveguide; Natom: 1.6×1019 cm-3

(c) with waveguide; Natom: 1.6×1019 cm-3

output : not detectable absorption

output : ~1×1011 photons

pump pulse: 45 fs, 235 mJ ; focal position: 2750 mm; pump polarization: circular



Dramatic enhancement of OFI XDramatic enhancement of OFI X--ray lasing by an ray lasing by an 
opticallyoptically preformed plasma waveguidepreformed plasma waveguide

t d it ff t ff t

opticallyoptically--preformed plasma waveguidepreformed plasma waveguide

atom density effect pump energy effect

trade-off between larger gain coefficient 
and more severe ionization defocusing (shorter 

gain length & longer absorption length)



Soft xSoft x--ray lasing spectra and angular distribution in ray lasing spectra and angular distribution in 
plasma waveguideplasma waveguideplasma waveguideplasma waveguide



Simultaneous XSimultaneous X--ray lasing in two ion speciesray lasing in two ion species

X-ray spectrum

pump pulse: 40 fs  235 mJ                         

raw image recorded by 
flat-field spectrometer

pump pulse: 40 fs, 235 mJ                         
ignitor: 40 fs, 45 mJ
heater: 160 ps, 260 mJ                              
Kr atom density: 9.1×1018 cm-3

Ar atom density: 1.2×1019 cm-3

ignitor-heater separation: 200 ps               

Ne-like Ar 
46.9 nm

Ni-like Kr 
32.8 nm

g p p
hearer-pump delay: 1.5 ns

With a mixed-gas (Kr/Ar~1/1) plasma waveguide x-ray lasing of Ni-like Kr at
32.8 nm and Ne-like Ar at 46.9 nm are obtained simultaneously under
d t ditiadequate conditions.



OFI lasers seeded with HHG in plasma waveguide  OFI lasers seeded with HHG in plasma waveguide  

plasma waveguide

Photon number              (> 1011 ?)

Beam divergence           (~ 1 mrad ?)

Pulse duration                (< 1 ps ?)

Polarization state:  controllable



OFI XOFI X--ray lasers seeded with HHG in plasma ray lasers seeded with HHG in plasma 
waveguidewaveguidewaveguide waveguide 

(a) HHG = 107 photons/pulse;
1.1 mrad

(b) XRLASE = 1011 photons/pulse
4.5 mrad

(c) XRLseeded =1011 photons/pulse
1 1 d1.1 mrad

Brightness of seeded XRL is g
~16X

higher than that of ASE XRL



Peak brilliance and peak power of several existing Peak brilliance and peak power of several existing 
or planned FEL facilitiesor planned FEL facilitiesor planned FEL facilitiesor planned FEL facilities

OFIOFI



SummarySummary

I. Generations of plasma waveguide channel for OFI X-ray laser
generations are achieved. Significant enhancement of output
energy of Ni-like Kr laser at 32.8 nm by a factor of >1000 isgy y
achieved with respect to that without the plasma waveguide,
resulting in a photon number of ~1012.

II The same method is used to achieve X-ray lasing for the high-II. The same method is used to achieve X ray lasing for the high
threshold low-gain transition at 46.9 nm in Ne-like Ar.

III. Simultaneous lasing of Ar8+ at 46.9 nm and Kr8+ at 32.8 nm is
l hi d b i l id f A /K i talso achieved by using a plasma waveguide of Ar/Kr mixture.

IV. Strongly saturated waveguide-based optical-field-ionization
soft-x-ray laser seeded by high harmonic generation isy y g g
demonstrated for Ni-like Kr lasing at 32.8 nm, yielding much
smaller divergence, enhanced spatial coherence, and
controlled polarization.



Applications with XApplications with X--ray ray laserslasers



Applications with xApplications with x--raysrays

Science
Atomic Physics: photoexcitation, ( multiple ) photoionization etc.
Electron Spectroscopy for Chemical Analysis ( ESCA )
Diagnostics of High-Density Fusion Plasma
Technical
Grating and Grid Production with X-ray Lasers
Photolithography with X-ray lasers
Biology
X-ray Microscopy
X-ray Holography
X Diff t t coherent x-ray imagingX-ray Diffractometry coherent x ray imaging



XX--ray phase contrast microscopyray phase contrast microscopy

Fresnel diffraction



XX--ray phase contrast microscopyray phase contrast microscopy



XX--ray microscopyray microscopy



XX--ray microscopyray microscopy



XX--ray digital holographic microscopyray digital holographic microscopy

x-ray laser

object d
CCD

x-ray
mirror

p q
M = q / p



Soft XSoft X--ray hologram and reconstructed imageray hologram and reconstructed image
f AFM ti ith i ifi tif AFM ti ith i ifi tiof AFM tip with various magnifications of AFM tip with various magnifications 

46.4X29.7X21.1X11.8Xmagnification:
hologram

reconstructed image



Carbon foil images with various magnificationsCarbon foil images with various magnifications

54.4X
@24.44 cm

28.7X
@24.84 cm

17.9X
@25.34 cm

15.8X
@25.53 cm

distance to mirror

magnification:

6.2X
@27.85 cm

hologram
distance to mirror

reconstructed image



Amplitude and phase reconstruction for carbon foilAmplitude and phase reconstruction for carbon foil

reconstructed
amplitude image

reconstructed
phase imageamplitude image phase image

by optical microscope

bar width = 2 μm
thickness = 20 ± 3 nm

retrieved phase difference
= 0.8 ~ 1.2 rad (19 ~ 28 nm)

from manufacture data
thickness = 20 ± 3 nm



XX--ray coherent diffraction imagingray coherent diffraction imaging



XX--ray coherent diffraction imagingray coherent diffraction imaging

Long exposure time !!



XX--ray flash imagingray flash imaging



AttosecondAttosecond sciencescience

HHG



EUV lithography with 13.5 nm light sourceEUV lithography with 13.5 nm light source



HighHigh--intensity transient plasma photonic intensity transient plasma photonic 
d i ithd i ith titi t lt l ll h ih idevices with devices with spatiospatio--temporal temporal pulsepulse--shapingshaping

GeV electron pulse THz pulse

100 MeV proton pulse High harmonic generation

X-ray laser High-intensity & short-

1 cm

y g y
wavelength nonlinear
optics device



Thanks for your attention!Thanks for your attention!


