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Ti:sapphire CPA laser

T=F I by FTWL - - (1985-1994)

Strong field physics has become available at university-scale labs.

Nova @ LLNL (1980’s) 10-Hz TiS @ ISSP (1997)
Pulse energy 4kJ Pulse energy 0.48J
Duration 4ns Duration 22fs
Peak power 1TW Peak power 22 TW
Repetition 1 /hours Repetition 10 Hz
Wavelength 1054 nm Wavelength 800 nm




Nova @ LLNL (1980’s)
Pulse energy 4kJ

National Ignition Facility @ LLNL (2014)
Pulse energy 41 MJ

Duration 4ns Duration 20 ns

Peak power 1TW Peak power 200 TW
Repetition 1 /hours Repetition 1 /hours
Wavelength 1054 nm Wavelength 350 nm

TL—H4—TUEH (2022)
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SREBYIEF - TR)LFORR - ZZRHEH

20 mJ
Pulse energy [J]
Duration [sec]

20 fs

1TW =102 W
Peak power [W] =

Cf. 2HFTEGHCHESNTNDEN ~ 2 TW.

1TW (=102 W)

Peak power [W]

Spot area [cm?]
60.3mm

Gas jet I.'

* B Laser

1015 W/cm?
Intensity [W/ecm?*] =

B EISYIRF 5 (T YIRS

Distorted Coulomb potential by optical E field REEZTORHET
—= R>FOE—F1IRF>> v Up

V(T
g “Ef) = c'E’ o< [A?
3\ P dme?
'IP \é ~60eV @ 10" W/ecm?, 800 nm
b 7] mmmr
‘ VOO Ve L g eRF>s v lp
- IP ~10..20eV (neutral atoms/molecules)
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o L—HY—ORESENI—OURTUIYILELERSE S, v,
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At 10!3 W/cm?, we can align some molecules.

Thermal equilibrium
R

Molecules that we can align:

3,4-dibromothioohene
N, (@)
4 Molecular orbital 2
/
Nuclei =——¢

CO,
2 “
[
) (22¢') 4
The outermost “electron clouds” are shown with molecular structures.

(14e) (16e
(1308

With intense laser field

=

Polarization
of laser light

SEXEE T OB (2)
SRFAAALE RORILA AL

IR (CAHEMER L S 3T Keldysh parameter:
3
p= L 2x10"ph / cubic wavelength y= L,
(ha)e [@ 10 W/cm?, 1.06 pm] W,
@, @ eoton ® oy o g cetormed
by, lonization
potential
hv
g - gl» ----- Electron
hv
_— Qround) e ocies
0
SRFAA>AE MRIVA A AL
I S
y>1 y<l1
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At 10'4-15 W/cm?, we can produce attosecond soft X-ray pulses.

Intense laser pulse Molecular gas jet

-

Spatially-resolved spectrum of high harmonics (false color)

mrad 30 40 50 60 70 8090100eV
4 T5h—

PO

H41 H51 H61

High harmonics

Inversion symmetry => odd harmonics

hw, = 2m+Dho,

=R EBENILAL-T -
IRFZHEIESN =K
Hollow-fiber pulse compression

(1996) M. Nisoli

[25ma, <2st8] wedges

Chirped mirrors
Fims,a378]
s !
M2 ‘l i
"

H ) vl
M3 HCK tabe filled with Neon M

Lopez-Martens, Opt. Lett. (2009)

T. W. Hansch, J. L. Hall

@ ; ® s
P (cen) iy

Spectraldensity
N
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(1996-2000)

AV

Spectral intensity (a. u.)

Frequency comb and Carrier-Envelope Phase stabilization (2000)

Time

G0 30 900 1000
Wavelength (nm)

2005
Physics

13

L-H-OIRIE-HHE

LDEhEE &L —5—

Average power | Nd:YLF(1 kHz)

N

@ Pump 527/532 nm

Pav=20 W -
Thermal limit 0-20mJ, 30 fs @ 1 kHz

+ Wavelength 800 nm
« Carrier-envelope phase stable
Pav=1 W

(Unscalable in enegy) |

Waveguide
Waveform-controlled few-cycle pulses

Pav=100 W | NA:YAG(0kHz) s -
0YY 041001k iz) | 100 ns Coherent REVOLUTION
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(ERERESREDIHIEET L (1993)
Paul B. Corkum (NRC, Canada)

(EUVF Rb/ LA 4 (2001)
Ferenc Krausz (MPQ, Germany)

Near IR £ 051m, 5@ 1kHz =
+ Wavelength 700-900 nm _ -
800 nm + Carrer-envelope phase stable (active feedback) Hollow fiber @ KSU

1990 * Key technologies of intense USP lasers
were invented in 1980’s.

2000 .+ Ti:sapphire laser technology was matured.
« Attosecond Science emerged.

o010 \Nexttopic

Energy upshift from EUV to Soft X rays
« Attosecond science was established by Ti:sapphire lasers.
» New light sources in IR and MIR need to be developed.
2020
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2-mm pinhole
6-mm gas cell

(Ne or He) 1-mm pinhole Toroidal
1600 nm e
10fs
1kHz
11m \ Alfilter

2nd differential pumping
1st differential pumping 250 I/min scroll pump
250 /min scroll pump

ﬁjé

Tior Cfilter

Grating
G-
cco

Al filter

Generation of attosecond soft X-ray pulSes
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=R EREFEE (HHG) =R EEFEE (HHG)

Intense laser pulse IntenSity ~10' W/cm2 Intense laser pulse Intensity ~10'5 W/cm?

W’\W - i High harmonics _\/\ﬁ{\/‘ . i High harmonics
0 30
mrad 30 40 50 60 70 80901006V mrad 30 40 50 60 70 80901006V
Gas target 4 Gas target 4
Plajeau Plajeau
Cut off Cut off

o I R X NN JIRE I
ZEREETIL * T Ro—=U> I8 “ e
P.B. Corkum, PRL. 71, 1994 (1993) O Esix%%l*)ll#_ ha)max o< UP [0'q IAZ

M. Lewenstein et al, PRA 49, 2117 (1994)
- THHE n o A>3

19 20

X7 EHRZOLH12F, RIERNOEHADRKRISBE,

Energy

Paul B. Corkum

Can we produce isolated attosecond pulses? ;
3.9 um (MIR) SETFH
" Can we construct attosecond spectroscopy? R =
Multi-cycle, CEP unstable pulses P Py band structures, electron in k-space o
Low rep rate (10Hz) i
o e X d
BT IR : q&mﬁ% § Okazaki, Shin
(EUV, <200 eV) e Wavelength [Angfgrerr;] .
) EXPERINENT Near edge (XANES) )
g local electronic structure, bonding geometry, oo H
& oxidation state E,
£ - 4 R. W. Schoenlein
> o4 Extend fine structure (EXAFS) oy
@ ocal atomic structure and coordination
; local at t d di
&
= _ Spin Moment
2 BE= SO i
? Flecld\lh spin, magnetization 4 L s
® 9 X X 0B 1 T2 14 2 ®of§o®
Photon Energy [keV] @ﬁ.,f,(_c/’yg' oo § o -
/ Popmintchev et al., Science 336, 1287 (2012) long-range orbital/magnetic order § oo § eft right
= w = o § omo 2
SRR => TEIRIRIEDH DEREL I (NEXAFS, EXAFS) o .
Bk (EHBE-E%¥): 200-500 eV G ——
BEBRERE (MEHZ): 500-800 eV @?‘,{f;;g;:;f;;‘r
Solid State Physics
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FIXSABUYTHEIR(OPA) LR
Optical Parametric Amplifier (OPA
Idler
Nonlinea —_
e hwpump = hwsignal + hwigier

o FIMEEBOBRBEBR/ ILALR

kpump = ksignal + Kiger

Seed

o L—H—ERXIBIERINSF

Pump

Ultra-broadband OPA in the degenerate condition
Phase mismatch Ak = ksignal + kigier — kpump

D te OPA => Odd t =0 - Glr_ & L (3% | OB (o2
egenecrate > erms Ak =Ako + (am‘ o Ao+ 5 ot am,.ﬁ)m“’)

1 (% Ik 1 (9% K

31 (301;‘ B am;‘) (o a (3_&‘ * Tﬂ?,‘) @)+
Zero GDD => The 2™ order term = O | 9% 1 9%

ex. BBO (zero GDD at 1450 nm, pump 725 nm) =237 g7 (89)' + 25 556 () .
BIBO (zero 6DD at 1580 nm, pump 790 nm) BBO: B-BaBZO4
BIBO: BiB,0

24
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Optical Parametric Amplifier (OPA
Idler

Nonlinear

el h("pump = hwsignal + hwjgier

k = kg +k;
— pump signal idler

Pump

Ultra-broadband OPA in the degenerate condition

Ak = ksignal + Kigier — kpump
OPA Gain (calc)

Phase mismatch

20000

Degenerate OPA => Odd terms = 0 1o
g s 15000
g °° 10000 &
Zero 6DD => The 2" order term = 0 2 ou " H
ex. BBO (zero GDD at 1450 nm, pump 725 nm) H —] 5000
BIBO (zero GDD at 1580 nm, pump 790 nm) =

Wavelength (nm)

2022/12/22
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OPA Pump (Ti:sa CPA)

Relay image :gq, To SPIDER and HHG

[

Ti:sa regen. amp. Ti:sa 2 pass amp.
1 mJ,‘1 kHz 5.0 mJ, 1 kHz, 5 ps

Ti:sa oscillator
10fs, 80 MHz

¢ | Tissa regen. amp.
| Amd, 1z, 35

Kr gas cell

OPA Seed (Ti:sa CPA)

OPA

25

MHERELGRN S —F/ILAFE

26

Filamentation spectrum
R Frequency (PHz)
: . 07 os 0% [ 03
: sa oscillator H |
: | 10fs, 80 MHz : _
: : g oYy
: : £ ol
: | Ti:sa regen. amp. : : "
S| 1md, 1kHz 35 LER  § &
e
w0 S0 e 700 800  s0 1000
OPA Seed Wavelength (nm)
DFG spectrum
10 .
TYPE 2 in BIBO 300nJ
570 nm (e) — 900 nm (e) = 1555 nm (o) g ot
T L)
CEP passively stabilized  § °°
20
8
< 0z ~1.2 octave
0.0
1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)
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EXIRT PR INIVARE (1)

2-mm pinhole
6-mm gas cell
(Ne or He)

1-mm pinhole

1600 nm
10fs

1 khz
1.1m)

Toroidal Grating
mirror }
) \/ e}

Alfilter

— 10

(b)
08
) 06
o
oz

He
oo

200 300 400 500
Phaton energy (e¥)

Al filter Tior C filter

2nd differential pumping 2.5
1st differential pumping 250 /min scroll pump
250 /min scroll pump.

Pressure (bar)

Ne|
400

@1 mm @2mm
pinhole pinhole

300
Photon energy (eV)

To toroidal
chamber

L e
- ~3000Pa | ~300 PE'J ope - Optimum pressure Cutoff
oozsmm | ¥ ¥ Ne 1.9 bar 380 eV
P satmn
He 3.6 bar 520 eV

T Gave A Toie
The Institute for
Solid Statc Physics
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Output

[

“ Passively stable
Controlled by AOPDF

Ishii et al, Opt. Lett. 37, 4182 (2012)
Ishii et a/, J. Opt. 20, 014003 (2018)

FROG measurement of 10.1-fs pulse

‘i

"Dty e 1)

oy (0. ut)

CEP-scanned stereo ATI for 45 hours
operation time (hrs)

Setup of BIBO-OPCPA (original setup)

g s 15 e ms ms s we
OPA Pump (Ti:sa CPA) elecuon yieid
a"taenssisasanas 9 = N o un)
s 1 .m
&
g il
H 4]
E v
£ 3
- g
e B T R ek

relative phase ¢ (x rad)
H. Geiseler et al, Appl. Phys. B 117, 941 (2014)

OPA Seed (Tizsa CPA)

Tow Universiy oT Tobrn.

e In for 7
Solid State Physics
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Ne, 1.9 bai .
E 0.6

8 0
&5 .
§ () 0.4

He, 3.6 bar & o
0.2
He

_5 0.0

200 250 300 350 400 450 500
Photon energy (eV)

[ T orimmprse | ot | overece (i
Ne 1.9 bar 380 eV 2.0 mrad
He 3.6 bar 520 eV 0.9 mrad

T rvery ST T
The Institute for
Solid State Physics

30
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Haworth et al.. Nature Phys. 3, 52 (2007) SFA-based HHG simulation
e soof @ e D edaq 10 fs, 1500 nm electric field Ne, 10fs, 1500 nm, 4.3 x 10 W/cm?
z Za00 = 2" 2
: £ o, 1
=5 i s g
52200 Cos-like CEP 3 s
ge 2 2w
£ 100 =S z
0 £ - =
200 250 300 350 400 450 500 550 3 10
Photon energy (eV) B 2% 5 abo E
450 600 1.0 -0 s o 5 1 Photon energy (eV)
I Time (fs)
s | Ne | o () He -
2 a00 2 500
5 >
g 2 0.6 S0 g
& 350 = El
g 2 400 04 Sin-like CEP g 05 :
2300 £ 3 <
£ & 300 02 g0 H
250 0.0 £ os > £
0.0 05 1.0 15 2.0 0.0 0.5 1.0 15 20 k- =
CEP (nrad) CEP (m rad) &'“ il
e / o w0 20 o o
Photon energy (eV)
v Clear CEP dependence Time (fs)
- Indication of isolated attosecond pulse generation TorTay ook
The Institute for
Solid State Physics
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Outline RF - HFICB0 BB EBERING K

lonization Molecular vibration Molecular rotation

€ Goulielmakis et al, Science 334,195 (2011).  E.R Hosler and S. R. Leone, PRA 88, 023420 (2013).

o FIMEBOZRERE ULARIR

Time

Intramolecular Dissociation, Ring opening ...

Electronic process
(Auger, AC Stark...)

A Chew et al, PRA 97, 031407(R) (2018).
B. Buades. 180806493 (2018).

o L—H—ERXILREFRIRNG K 185

Y. Pertot et al, Science 355, 264 (2017), AR Attar et al, Science 356, 54 (2017)
- -

Photon energy | eV

Terivertiy ST Tob
The Institute for
Solid State Physics
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Saito et al., arXiv:1904.10456 (2019).
Grating (2400 imm) X487 8Ch ‘M‘ [ e e
Alfilter S vl oy
Sorantin (e 2m) g ol arneg
Cofaons PG g 5 (O e | ]
g NOgascell gy = S cmy (MBW\’A‘——V ® I I xapcco
e i Pohim e it
IR ::
£10
e —~oggdend 33 asec RMS for ~20 min
Zos S .
X / (a)
é 0'% 0 250 300 350 400 450 500 33 as RMS |
Photon:energy:(eV) ® HHG from He (2.4 bar) [
g . @ Sample gas: NO (0.1 bar)
v photon-in/photon-out => no space charge effect ® Pulse duration: SX <1 fs, IR 10 fs
v Temporal resolution <1 fs (path length actively stabilized <100 as) @ Attosecond delay stabilization
v Large delay range (up to ~100 ps) (optional) 493 35 RMS]
« Target gas: NO l | | |
* HHs from He L B Ay B
« Total acquisition time: ~4 hours T
The Institute for
Solid State Physics
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“The University of Tokya.
The Institute for
Solid State Physics
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EFRKERIE (400 eV)CONODFDT L4t

395 400 405 410 415 420
Photon energy (eV)

Reference spectrum: N. Kosugi et al., J. Chem. Phys. 97, 8842 (1992).

SX~400 eV

. Rydberg
Static absorbance of NO -
1.0
1521 —— Measured 2 —%
0.8 —— Reference
3
g06
|
204
= 1s—Rydber
02 S—Ry [¢]
0.0 -

[~ = N1s—]—l—

37
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IRENT 1T

Field-induced absorption change
at the Rydberg peaks (AC Stark)

v’ Peak position of the 1s-2m is shifted after ionization.
(experiment: ~3.0 eV, calculation: 2.8 eV)

IR SX
I=1x10"* W/cm?
« SX first IR first + +11.9eV
410.0 (B) om /
> S e
2 4075 o e ——
>
&
£ 405.0
g Deare = 2.8 eV
< 4025 - g gy Y
g acoo{ |0
£ b4 e
- 3975 jose 3820 +9.1eV
-0.05 | N 1s _H_/
-40 =20 0 20 4000 05 1.0
Delay (fs) Absorbance NO NO*

39

EEEFT1FII

+ 5X first IR first =+

« Field-induced molecular alignment

= olecular

3z SR Mol

= Rianmen

= T —
] draeomen
i

H

H

s iR

£

2

£

o 20 40
Delay (fs)

; SX
esxfis | R frst R - SKfirst R first+
T 4.$.> l—m—‘a
H 4100 ( )

gu

IR SX

Z |
Za07s{ _o07
B |
Baosof
l’aoz‘sl
-
g
&£ 4000 - | el NO
3975
-5 0 S0 100 150 200 -50 0 50 100 150 200
Detay (fs) Delay (fs)

ToTavem Ao
The Institute for
Solid Statc Physics

+ SX first IR first -+
n410.0 @
Ta07s — + Molecular vibration of NO* (T=16.1 fs)
,{,:405.0
5 415
£ 4000 : =~ ]
3975 gﬁﬁ:‘; 240 1
~20 0 20 40 60 s 1 ISX _—
Delay (fs) < a a
g 0T
5
5
L IR
- NO
1.0 1.1 12 1.3
Internuclear distance (A)
“The University of Tokyn.
The Institute for
Solid State Physics
40
v BIBO-based OPCPA for intense IR pulses (1.6 um)
Output: 1.5 mJ, 10 fs (sub-2-cycles), CEP-stable @ 1kHz
TKDOZE 1B TOIMLT MY/ LR FEENEE L=,
;:10— o (@ C Kedge © k-edoe]
E . Ne
Eas i He
2 : Water win
=0%5 %6 10 o 0 20 3 Y5 0 o 3o a0 #0500 o
Time (fs) Photon energy (ev)
v Transient absorption spectroscopy of NO at 400 eV
SHREBBOEFFATIVRAOBANERFMICATRELEoT=,
+ SX first IR first +
(ax’ ot IR first &
o T, ——y
Sqm B
0.05 i
-40 o 20 4000 05 1
Delay (5 Aosarbance

41
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Tisapphire crystal
TiS CPA laser

Optical Parametric Amplification
Industrial kW €lass l@sers

2022/12/22

—_
=

=R EBENIVAL-Y-0E =B (1985-)

Chirped Pulse Amplification (1985) Ti:sapphire laser(1986)
D. Strickland and G. A. Mourou P. Moulton

Kerr-lens Mode lock laser (1991)

W. Sibbett
Pl ten g
+ "
Output TEALO, g Mg

Birringent
M S

44
=R ERE/ VAL - -DE R (1990-)
The three step model (1993) Hollow-fiber pulse compression = 0) 3 O ﬂi FEﬁ —C 1$ "%ﬁ L T‘ = t
P. B. Corkum (1996) M. Nisoli
ey « BREMHNTL—IRN—IZD8HA %,
o ol ol —
JA S, sy - EHRE => AT LIEIZE, BRSNS,
Corkum, Krausz: Attosecond Science, Nature (2007) wl‘-OPeZ'Maﬂensv ngvfeb;“;;;g%mn *
Frequency comb and Carrier-Envelope Phase stabilization (2000) . # ¢ :/XT'L\EZ%"‘]-O) E'ZE;H: J: U M *'I'ifﬁ%“ H”] l :Jﬁt °
T. W. Hansch, J. L. Hall ’2,?‘3;“ i}}}
AT 5 - HEOREICEY, HLOEFEENETND,
45 46

BT1RIL-H-

[kW scalable | & L—-Y-D&15

+ “Thin disk” gain media for efficient cooling

12000 70%
Brilliant
60%
10000 \Outputl
50%
8000
>
s 40% 2 Front Side:
= 6000 2 Pumping
] 30% £ [ —
g W Back Side:
& 4000 | 3 20% Cooling
2000
10%
R L
0 T 0% "
o 5000 10000 15000 Trumpf Scientific Lasers, GmbH

Pump power(W)
+ 600-W picosecond lasers are commercially available. Power scalable to >1 kW.

—_
=

=R ERE/NINAL-Y-OIRIVF-%hER
FHYT74TL-Y-)
average power nggzgm?ﬁ% zs)olld-state lasers .

Pav=100 W | No: | J '
Nd:YVO,(100 kHz) 100 ns \‘ Coherent REVOLUTION
@ Pump 527/532 nm

Chirped pulse amplification
Pav=20 W |(CPA) Ti:sapphire laser

Thermal limi
et ﬂ + 10-20mJ, 305 @ 1 kHz

30 fs

+ Wavelength 800 nm
« Carrier-envelope phase stable

Nonlinear pulse compression
Pav=1 W + Gas-filled hollow-core fiber
+ Dispersion compensation mirrors. 5fs

Waveguide
(Unscalable in enegy)

Waveform-controlled few-cycle pulses

Near IR .+ 051mJ,5fs @ 1kHz v('
+ Wavelength 700-900 nm > <
800 nm + Carrer-envelope phase stable (active feedback) Hollow fiber @ KSU

a7

48
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BimiER

Distributed Face Cooling

Average power | Chirped pulse amplification ity
Pav=600 W | (CPA) thin-disk Yb:YAG laser A

Scalable in power + 60 mJ, 1 ps @ 10 kHz 1ps| “ig

up to multi-kW « Wavelength 1030 nm g

Trumpf Scientific Lasers, GmbH

Optical parametric chirped-
Pav=60 W | n1se amplification (OPCPA)

No thermal load Jl 15fs

Waveform-controlled few-cycle pulses

6mJ, 15fs @ 10 kHz
MI R Wavelength 2200 nm

« Carrer-envelope phase stable (no feedback) Y
2200 nm —

BIBO-OPA(ISSP, UTokyo)

FEITN—T
Opt. Mat. Express 7, 3214 (2017).

60 \
A At veﬂecuon (AR) @ 808 nm
B AN GRS o i Rtechon (1) @ Tos4
C: 1R @ 808 nm, High Transmission (HT) @ 1064 rm
c

[Sapotice N YAGOuput Couplor

To=12°C

Laser Ot
p N YA
B()Snm J1064rm

'Nd™*:YAG-single chip cracked
DFC chip, ng=64.6%@Toc=4.46%

1064 nm CW Output Power (W)

o
i DFC chip, ng=61.8%@Toc=3.10%
i W DFC chip, 15=62.2%@Tc=3.10%
i @ Single chip, ng=61.0%@Toc=3.10%

w L HE L L
0 10 20 30 40 50 60 70 80 90 100

Incident Pump Power (W)

Fig. 3. Round-trip cavity loss and the output power from 9-disk Sapphire/Nd"*YAG DFC chip
under continuous wave (CW) laser pump. Ty stands for chiller temperature for diode laser.
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ARG EBE B ST

IPG Photonics (% #&)

RURARY L EBFRRYE L
1 | - q EH Gain M

Cr:Znse

Cr*:ZnSe

Cr2*:ZnS

. e

Wavelength, nm

L—Y—-2aERE [ERE] B8 Canon T. Seki

T. Kitamura
Y. Kuramoto
T. Sukegawa
%ﬁﬂfﬁ”{—j— Watanabe group
" TOKYO UNIVERSITY OF SCIENCE Chun Zhou
S. Watanabe

C. Zhou et al. APEX 4 (2011) 072701
C. Zhou et al. Opt. Exp. 22 (2014) 5995

i
© @N/CEIRME (295%. 1250%/mm, SR : 800nm/1040nm)
IS DEFBIHIC K BARFKT ORES (= 180mm. # : 60mm)
SBEMAL B&U B
O FBEMAREORNEEALRRIE

#i5 : >6.0004/mm AZYL : 2300mm

The Universityof Tokye  Kobayashi Group

The lnstitute fc i
Solid State Physics - "obayashi

Itatani Group
N. Ishii

T. Kanai

J. ltatani

AR~ RO S B HEIS-
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Q-LEAP ATTO - m#2YiRL RS T IL—T

ﬁ: %Itn*i M. Sugiura, K. Tamura
3

# Ok W 2 oo
s EMibtT R

. P " wa A
g gl |
[ e ﬂ

— Fomio 2405
Femto 2406

g

;s
q EFCC
-50. -50
g £ |
2 100 L100
8 o
[} -
g 150, g 150 _
200 200 i, “ /\ /\
[ il
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