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Brief history of ultrafast lasers

1960
1961
1964
1974
1985
1986

1991
1993
1994
1999

2001
2005
2008

Scientific breakthrough

Invention of laser

Q-switching technigue (nanosecond laser)
Mode-locking technique (picosecond laser)
Mode-locked dye laser (femtosecond laser)
Sub-100 fs dye laser

Chirped-pulse amplification (CPA) technology
Ti:sapphire gain medium

Kerr-lens mode-locked Ti:sapphire laser
High-order harmonic generation (HHG)
TW CPA Ti:sapphire laser

Sub-two-cycle Ti:sapphire laser

Nobel prize in femto-cheminstry
Attosecond pulse generation from HHG
Nobel prize in fs frequency standard
Isolated sub-100-as pulses from HHG

Pulse
duration

A

Ultrafast
lasers

Strong-field
physics
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High-order Harmonic Generation (HHG)

Corkum’s three-step model (1993)
- Strong-field regime (10*4-10*> W/cm=, U >I, or y <1)

acceleration in the
laser field

—Thy— l, + Wi, © coherent EUV/soft X-ray

\ I recombination Every half cycle event:
and photoemission comb structure in spectrum

|||'|- Winterfeldt et al., Rev. Mod. Phys. 80, 117 (2008) 7
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Basic properties of HHG

Typical HHG spectra

Plateau

Cutoff

|

Intensity (arb. units)

91 101 111

a)/wo

Ece’
Single-atom response: Egof =1, +3.17/U =1, +3.17 16 m@;
7’

Macroscopic response: phase matching and absorption

B (1.6-1.7)
Ak = Akgeometric - Akatomic + Akplasma Ecutoff oc A

Ui Popmintchev et al., PNAS 106, 10516 (2009).



Wavelength scaling of cutoff and efficiency

Quantitative prediction of HHG cutoff and efficiency with drive
wavelengths Falcao et al., Opt. Express 17, 11217 (2009)

Absorption of XUV

1.0E-6
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}‘U (1) Energy .. (eV)

HHG

Efficiency scaling with wavelength 1] oC ﬂ,_(S_G)

Phase matching using high-energy driver at high gas pressure important

I i1 opt Express 13, 2941 (2005);; Opt. Express 19, 22377 (2011); JPB 45, 205601 (2012). 9
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Water-window coherent soft X-rays

2.5-4 nm (280 — 540 eV): biological imaging

1010 photons: holy grail in biological imaging without sample modification

! ! !
protein

lipid
Carbohydrates
=water attenuation length

Rev. of Sci. Inst. 76,
091301 (2005)
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Synchrotrons: 102 photons/s/0.1% bandwidth
Our goal: 101° photons/s/1% bandwidth on table top
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Optical Parametric Chirped-Pulse Amplification
How to get strong mid-IR pulses?

Pump

—>

stretching compression

« Various wavelengths (visible to mid-IR source)
« Broadband high-power few-cycle pulse amplification (>TW)
« Good carrier-envelope phase (CEP) maintenance (low thermal load)

« Key element for energy and power scaling: picosecond pump laser

||| I Dubietis et al., Opt. Commun. 88, 437 (1992). 11



Photon energy and time scale of HHG

OPA/ Ti:sapphire
| OPCPA CPA
Energy spacing
Nlle\/ k(.::V m?\f
10° 103 107 [eV]

Nucleonic motion Electronic motion or Atomic motion on
within nuclei atomic/molecular scdles molecular scales

zepto tto pico

1(.}'21 :'18 1(;_12 >
ime [seconds]

Motion of individy

e |nner shell > |= QOuter shells

e (Conduction band

1 [ 100 10000
Time [attoseconds]

OPA/OPCPA enables table-top coherent high-flux XUV pulse generation
at 100-500 eV energy and beyond.

400 eV from Ne, 10 Hz 1.3 um OPA, RIKEN: Phys. Rev. Lett. 101, 253901 (2008).
500 eV from He, 2 um OPA at 10 Hz, JILA: Phys. Rev. Lett. 105, 173901 (2010).
« 1.6 keV from He, 3.9 um OPCPA at 20 Hz at JILA & WTU: Science 336, 1287 (2012).
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kHz, 2.1-um, mJ, few-cycle OPCPA source

/l

Nd:YLF pump laser

Pump 2

| Pump1

Ti:Sapphire OPCPA

oscillator A . _ :
\ § L2 | OPCPA 3

y

A=2.1um stretching +

amplification
] 1 compressed pulse

Glass compressor

toroidal mirror X-ray filter
|

XUV /harmoni | T . C /
gas jet

spectrometer c pulses

HHG chamber

Achieved OPCPA output: 0.85 mJ, 32 fs (4.5 cycles), CEP stable (200 mrad) ->
Unique, energy scalable mid-IR source

|||.|- Moses et al., Opt. Lett. 34, 1639 (2009); Hong et al., Opt. Express 19, 15538 (2011).13
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Cryogenically cooled Yb:YAG pump laser

Yb:YAG Absorption Spectrum

Energy Levels in Yb:YAG

T S—

Laser:
1030 nm

AVAVAYAYAVe

3k T @ 300K,
ok, T @ 100K

77K

Laser
Wavelength

N

300 K
0 | | I end NN

900 920 940 960 980 1000 1020 1040
Wavelength (nm)

Absorption Coefficient (cm™1)

= Quasi-three-level system

= High saturation fluence: 9 J/cm?
= Requirement of high pump
fluence induces thermal problem

 High-power pump diode (>kW)
» Low quantum defect: 9%
» Broad emission bandwidth

— Disadvantages can be solved by cryogenic cooling

Mir Fan et al., IEEE JSTQE. 13, 448 (2007).
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Thermo-optic properties of Yb:YAG crystal
» Thermo-optics: the main challenges for high-average-power lasers
» Thermal lensing focal length:
o~ K
dn+aY (n,L)
dT

Properties of undoped YAG
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a. coefficient of thermal expansion

n: refractive index
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Y: function of thermal stress
and expansion

Thermo-optic benefits of cryogenic Yb:YAG crystals
« Relative FOM: 31 for dn/dT ( « K/‘dd—_?‘ ), 11 for a( oc K/a)

|||'|- Aggarwal et al., J. Appl. Phys. 98, 103514 (2005).
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High-energy ps cryogenlc Yb:YAG laser at 1 kHz

Yb:YAG tal
(c) Yb:YAG mul%gﬁgs amplifier ' (b) RGA N o 1D (100\,\,)

crystals

LN, Dewar
LD (350W)§

L4 DM DM L4

Telescope gpum

. 1 5mJ@ kHz

fs, Ti:S
oscillator

Telescope

g 9000339

(d) Multi-layer dielectric | :
grating compressor CVBG
- stretcher T

15 mJ, 15 ps 10-mW Yb-fiber
preamplifier (1029 nm)

Ul ®
2 ¥
AN

III K.-H. Hong et al., Opt. Lett. 35, 1752 (2010): Up to 40 mJ@ 2 kHz uncompressed.



Two-stage picosecond CPA system at 1-2 kHz

N

*‘\

MLD grating compressor

rLe [l

Stretched
pulse seed
from Yb-fiber
or Ti:S laser




Multi-layer dielectric grating compression

& pulse

20 Delay (ps)

Amplifi
mplified * 10 nm bandwidth at 1030 nm

« >95% diffraction efficiency

» ~75% throughput efficiency
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Optical layout of 2.1-um OPCPA

Cryogenic Yb:YAG CPA
system (1029 nm) at 1 kHz Pump 2

Nd:YLF CPA system
(1047 nm) at 1 kHz

DEG Pump 1

Ti:Sapphire | MgO:PPLN | A=2.1pm X o5 1
oscillator = ! S L OPA 1< ' Energy

\ control

1.4 mJ

13 mJ
MgO PPSLT

OPA 2

Brewster-angle
Suprasil 300

Compressed pulse

= Moses et al., Opt. Lett. 34, 1639 (2009)
I K.-H. Hong et al., Opt. Express 19, 15538 (2011) 21
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Characterization of 2.1-um pulses

Amplified optical spectra IAC measurement

Third stage FWHM = 31.7 fs
(FWHM=474 nm) (4.5 cycles)
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« Maximum energy: 0.85 mJ with 13 mJ pump, 6.5% conversion
« Bandwidth: 474 nm with saturation

» Transform-limited pulse duration: 24.5 fs (3.5 cycles)

» Compressed pulse duration: 31.7 fs (4.5 cycles)
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Experimental setup of HHG chamber

Soft-X-ray
spectrometer Beam input port

Pulsed nozzle

Telln
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HHG experiment with Xe, Kr, and Ar

» Xe ~50 mbar
Al edge
\ cutoff: 85 eV ¢ (0.7£0.1)x10%* W/cm?
l * Cutoff: 85 eV (~35 eV from 800 nm)
« Efficiency of ~10° per harmonic

XUV signal (Arb. U.)

20 50 50 70 80 %0
Photon Energy (eV)

Be edge cutoff: . « Kr ~50 mbar
120 eV -

" l * (1.1+0.1)x10%* W/cm?
Ul | - Cutoff: 120 eV
‘m‘ h « Efficiency of ~0.8x107° at 110 eV
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: * Ar ~70 mbar

cutoff * (1.7£0.2)x10'* W/cm?
| P« cutoff: 160 eV (<50 eV from 800 nm)
‘Mp l _ - Efficiency of ~2x10° at ~130 eV

w
T

XUV signal (Arb. U.)

o

60 100 120 140 160 180

Photon Energy (€V) bandwidth at 130 eV
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*‘/’fMc'/»‘w | « XUV flux: 0.8x108 photons/s over 1%
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High-harmonic spectroscopy

Factorization of three-step model
S(w) = w*|d(w)| W(E) « 6" (E)-W(E)

|

HHG power  Transition dipole electron photo-recombination
spectrum wavepacket Cross-section

@ : emitted photon energy, I,: ionization energy
E: kinetic energy of electron with E=e-I,

« Atomic/molecular structure (c") <=> electron wavepacket

» Extended cutoff: beneficial to extracting additional information

* Propagation effect involved: phase matching, aborption, pulse deformation
» Macroscopic electron wavepacket

cf) Quantiative Rescattering theory: modified strong-field approximation

I|I'- * Le et al.,, PRA 80, 013401 (2009); Frolokov et al., JPB 42, 035601 (2009); 26
I Shineret al., Nature Phys. 7, 464 (2011).
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Retrieval of photo-recombination cross-section

Simulation procedure

1) Single-atom response

2) Propagation effect by solving 3D wave-equation

3) Obtaining macroscopic electron wavepacket, Sg,; (0)=W(E+l))
* Flat recombination amplitude is used

1) HH spectrum from known PRCS and macroscopic WP

S(w) = 0)\/ o—1, (ZZ fat (@)

2) PRCS from HH spectrum and macroscopic WP
dGr 1 S(a))% Experimental

dQ a)\/a)— 1, S fiat (@)

Lai and Kartner, Opt. Express 19, 22377 (2011). 27



Macroscopic wavepacket of HHG in Xe

smission

gas jet position laser

Tran

z<0, z=0, z>0

medium length 2 mm
Rayleigh range: >4 mm

Absorption by atom

Cutoff energy and absorption
depends on z

Wavepacket (arb. units)

Xe, 50 mbar, 2 mm

Wmmz o

—2z=0 mm|

Photon Energy (eV)
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Macroscopic wavepackets of HHG in Kr and Ar

Kr Ar

Transmission
Transmission

Ar, 70 mbar, 2 mm

Kr, 50 mbar, 2 mm

_ 14 2
=110 Wiem® [ o ' | =1.5x10" Wiem [ z=2mm]
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Cutoff energy and absorption depends on z
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HH spectroscopy in macroscopic Xe medium

500 -

Zz=-1 mm

Macroscopic WP

. o

z=-1 mm

5p valence shell

=

HH spectrum
reconstructed (1)

Intensity (arb. units)

PRCS (arb. units)

Experiment
HH spectrum

measured

(09)
I

o

PRCS
reconstructed (2)

PRCS (arb. units)

Photon Energy (eV)
|||'|- Huang and Johnson, Atomic Data and Nuclear Data Tables 26, 33 (1981) 30
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HH spectroscopy in macroscopic Kr medium

15
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W LA, |

HH spectrum
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||||- Hong et al., Phy. Rev. A 86, 043412 (2012). 31




HH spectroscopy in macroscopic Ar medium
1- '

Cooper mi
] 'h ~53 eV
M

HH spectrum
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||||- Hong et al., Phy. Rev. A 86, 043412 (2012). 32
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Femtosecond (101> s) to attosecond (1018 s)

Space [m] Nanostructures Atoms in
Electrons in—— =3 e
\ _ : Molecules & solids

nanometer Molecules ¥ ¥

il o

AW .~ milli-eV

vibr

valenr;e>> eV 2 »
Nuclear distance

10-12 =
picometer

AW _..>> 10 eV

core

Nuclear Time [s]
structure & t } }
dynamics 4015 1015 10-12
attosec femtosec picosec

10-154
femtometer Krausz and Ivanov, Rev. Mod. Phys. 81, 163 (2009).

» Atomic dynamics in molecules to electronic dynamics in atoms and molecules
* “Femto-chemstry to Atto-physics” (even Atto-cheminstry)

rle Uiy
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Isolated attosecond pulse generation

Carrier-envelope phase ¢, =0 —»é «— ¢, =7/2

CEP-stable few-cycle or :single-cycle pulses

Intensity of the o =l

XUV harmonic Threshold

Laser field
Alt)cos(m t+o)

j -5 Tlme [fs]

radiation

~
\){

Ui Baltuska et al. Nature 421, 611 (2003).



Towards high-energy single-cycle pulse generation

A

pulse energy
3
o

oo Em mm mm o = E——
L

g -
o

T T T T Y

>

octave-spanning

(sub-two cycle) laser bandwidth
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Sub-cycle waveform synthesis requires:

= High-energy multi-color pulses
= Each pulse must be CEP stable at synthesis point
= Relative timing must be locked to much less than one cycle




High-energy sub-cycle waveform synthesis

YDFA/Nd:YLF

hybrid CPA
1047 nm balanced
|

cross correlator

pump |
N /’ .
N !
S /
. e ) -

e s f

¥ sub-cycle
' pulse

CEP-stable
octave
spanning
Ti:sapphire
oscillator

« SWIR: 2.1 um, NIR: 800 nm

* NIR OPCPA based on NOPA pumped by SHG of Nd:YLF laser

» Coherent synthesis of two OPCPA pulses with different spectra

 Hollow-fiber work by Goulielmakis’s group for single-cycle-driven HHG

cf) Single-cycle pulse train: Chan et al., Science 331, 1165 (2011) — Raman sidebands

Baltuska’s group — 4 color mixing from OPAs
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Characteristics of two OPCPAs

2-0ctave-spanning Stabilized CEP Good beam quality
spectrum (750-2500 nm)

1.0F 127 mrad (5-shot average) .

intensity (a.u.)
wavelength (nm)

2000 2250 2500
wavelength (nm)

intensity (a.u.)
wavelength (nm)

A

800 900 1000 1100
wavelength (nm)

rle Ui
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Sub-cycle timing lock — balanced cross-correlator

nW
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Sub-cycle timing lock — feedback

15

open-loop

relative timing (fs)
PSD (fs/Hz)

5I0 1(I)0 150
time (s) frequency (Hz)

rms timing jitter = 250 as

closed-loop

PSD (fs/Hz)

relative timing (fs)

50 100 150

III.I- frequency (Hz)
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J. Birge et al., Opt. Lett. (2006).



Synthesized pulse
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III I S.-W. Huang et al., Nature Photonics 5, 475-479 (2011).
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TDSE simulation of single-atom HHG
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III i S.-W. Huang et al., Nature Photonics 5, 475-479 (2011).



Summary of sub-cycle waveform synthesis

15 ud, scalable to mJ with cryogenic Yb:YAG pump laser

Shortest high-field transient lasts only 0.8 cycle (amplitude FWHM)

= Intensity profile is 2.5 fs in FWHM duration (0.6 cycle)
Full phase control allows generation of any optical waveform supported
by the amplified spectrum.

BCC BCC
1 2

ﬁ——-)——/i—————;t

OPCF’A OPCPA OPCPA i ' OPCPA
& 0

\/\

NLE
2

Intensity (arb. un.)

CEP stable
source
(seed)
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Conclusions

= We demonstrated novel kHz table-top soft-X-ray sources
based on OPCPA and HHG.

* We developed a high-flux mid-IR OPCPA system and ps pump
lasers based on cryogenic Yb:YAG gain medium.

« Cutoff extension using OPCPA source was demonstrated.

= High-harmonic spectroscopy in Xe, Kr, and Ar was
performed under macroscopic effects.

* We have simulated HHG using a 3D propagation code and
reconstructed the experimental spectra using PRCS.

« We also retrieved PRCS from HH spectra and simulated
macroscopic WPs.
= Wavelength scaling is important for both efficient HHG
and HH spectroscopy.
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Thank you for your attention.




