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4. High-harmonic generation
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Process whereby integer multiples of the
original light's frequency (fundamental
frequency) are generated.
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PERTURBATIVE HARMONIC GENERATION

3rd harmonic
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HIGH-HARMONIC GENERATION (HHG)

discovered in 1987

Intense Iasgr pulse gas jet harmonics of high orders
BREL—F—/ UL HRSTw h EROEREN

Highly nonlinear optical process in which the frequency of laser light is converted
into its integer multiples. Harmonics of very high orders are generated.
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New extreme ultraviolet (XUV) and soft X-ray source
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How high orders?
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Even up to 1.6 keV, > 5000 orders

almost x-ray!

Wavelength [Angstrom]
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X-ray Intensity [linear scale] U
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a new type of laser-based radiation source
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Popmintchev et al., Science 336, 1287 (2012)
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Wahlstrom et al., Phy
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Number of photons (arb. units)

REilEaU and cutoff = r .

- remarkable feature of high-harmonic generation -

s.Rev. A 48,4709 (1993)
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increasing harmonic order. XREH LD > THIBEIEL LN,

51w N A 7 (cutoff) : Maximum energy of harmonic photons
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2 172
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Ry FOF—F« 7T RILF¥— ponderomotive energy
These features cannot be understood as perturbative harmonic generation.
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Laser field L —%'—8&15 FE(t) = Eycoswt
recombination L5

1. Laser field suppresses Cou- 2. Free electron gains momen- 3. Electron can recombine with
lomb barrier, thus electron tum in laser electric field parent ion and emit a photon
can tunnel out of the atom of higher energy
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Semiclassical

5 electron motion
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Paul B. Corkum, Phys. Rev. Lett. /71, 1994 (1993)

K. C. Kulander et al., in Super-Intense Laser-Atom Physics, NATO ASI Ser. B,Vol. 316, p. 95 (1993)
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3-STEP MODEL OF HHG
EREREEED I ATV ITETIL

lonization at ¢ = ¢ty with vanishing initial velocity at origin
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ARIMIE (PHASE) OF RECOMBIN A RSN
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Simple explanation of the cut-off law
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There is the maximum kinetic energy

L
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| ionization recombination
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There are two pairs of ionization and
recombination times which contribute to
the same harmonic energy.

short trajectory
long trajectory
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e DO AARMONIC SPECTRA COINSISN
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Takahashi et al., Appl. Phys. Lett. 93,0411 11 (2008)
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This is repeated every half cycle with
an alternating phase
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Harmonic electric field

SR D B K DX Experimentally measured
l . KRNI BRI NTWNS
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— harmonic field harmonic |nten3|ty — fundamental field
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Nabekawa et al., Phys. Rev. Lett. 97, 153904 (2006)
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Spectrum only consists of
odd harmonics.
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MULTIPLE (ODD) HARMONIC COMPONENTS
B DRE (FHR) NEHET D &S DHER

= Z E,cos(qw + ¢4) = Z Foni1cos[(2n + 1)w + ¢on11]
q

o . : . ___* attosecond pulse train (APT)
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= | | bursts repeated every half cycle of the
2 pp 00
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m 05 | /LRI EXRKOFEL

A : 1| | + adjacent pulses have an opposite phase
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train of repeated
‘ ’ pulses ZmE®/<ILRF
e oVVe don't need “photons’ to understand harmonic generation
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BRERETE PEAKS OF ODD  HARNM NSNS
R NEBE INTERPRETED [N TwvO e
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* Integer number of photon energy +

inversion symmetry
JEF T RIVF— DBHE + REXNFIME

* Light emission repeated every half cycle

(with alternating phase)
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Time of emission depends on harmonic order
REUC K > TEREORERUNEL S

350 ! ! ' - 2500
i Long trajectory < 38x10"W/cm? Ne Af
:C% B a Mm s
2000 + @
S _ |7 Jo'B
£ 250 & I measurement =
o) e il —
£ ~*1500 | ] m-*g
§ 200- al E _ _ <
2k short trajectory | H io00] theory 1B )
< i S
o '4_'"; 25 30 35 40 45 50 55
100 i e H ic ord
00 05 1.0 5 20 25 30 Iz armeonic orcer
Electron energy (in Up)
40 ¢
Ya—k TV NU—DIBE @
ERDEICERDETRET 3, £ %
. O
BEREEeTcase of short trajectory 8
K ; 20
Higher-order components emitted =
=
later 2
* Positive chirp L XS/ XRSH
S) 4 - 0 500 1000 1500 2000
® o0 NIT4TFv¥—7 Time (as)
n Mairesse et al., Science 302, 1540 (2003)
I Varju et al., J. Mod. Opt. 52, 379 (20058l =.



Phase of recombination (phi_r)

Time of emission depends on harmonic order
REUC K > TEREORERUNEL S
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K. L. Ishikawa, “High-harmonic generation” in Advances in Solid-
State Lasers, ed. by M. Grishin (INTECH, 2010) 439-464
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Quantum theory of
high-harmonic generation

| ewenstein modae

Lewenstein et al., Phys. Rev. A 49, 2117 (1994)
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Strong-field approximation (SFA)

}/:JjJitt_'Ij(,u@—_rg'-;é— ,‘\\’Jf% The contribution of all the excited

bound states can be neglected.

F ERTARRICXN T DIRFDOIRT > v )LDOMRZ HR

Li%}b'lj(ﬁ‘?\ Y HE T Fl"ﬂyo The effect of the atomic potential

on the motion of the continuum electron can be neglected.

ﬁ}_l_'lj(,._,\ 7@19\%‘: /\\\'J]z% The depletion of the ground state can be

neglected.
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Time-dependent dipole moment
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recombination motion in the laser field lonization
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Dipole moment between the recolliding recolliding electron wave packet lonization
wave packet and the ground state BEREFRER a7z
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=P OUIRIER TRANSFORM OF DIPOLLE MG
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/ dt/ dt’ /d3pd (p+ A(t)) - expliwpt — iS(p, t,t)] - E(t")d(p + A(t')) + c.c.
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F‘ éJ\ five-dimensional integral
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saddle-point analysis (SPA)

Saddle-point equations| solutions # —* trajectories hS¥x 7 hU—

b+ A A tunneling 1onization ¢’ time of ionization
2 4 N> X)ER t time of recombination
t - : ; : -
bines at the location of ionization
+ A{")])dt" =0 S T

[+ 4 (A AL BEADHENREL

[p + A(t)]2 e harmonic photon energy

o=

= kinetic energy at recombination + ionization potential
BREDOAFIXILF— = BREEKROEFHIR/ILF— + A AVERT VI v

3/2
3y o T 127 "
TS Z <e COGE tg)) /det SO e )

X exp[iwhts — iS(ps, s t;)]E(t;)d(ps EE A(t;>>7

2

= physically corresponds to the 3-step model
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Example of saddle-point
solutions EREDH

Real part (top) and imaginary part (bottom) of ¢' = wt’

dashed lines:
3-step model
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interpretted as
“tunnling time”
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cutoff 1w AT
E. = 3 U
(g = 1.3)

» The 3-step model Is a good approximation to the quantum-
mechanical Lewenstein model = Success of the 3-step model
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solated attosecond pulse (IAP)



High-order harmonics are generated as attosecond bursts repeated
each half cycle of the fundamental laser (attosecond pulse train)
BREFREIE. EXEL—T—0FFH &P MDA NELTHEET S (F LW

JVILZF)
Paul et al., Science 292, 1689 (2001)
1.35fs 5] Nabekawa et al., Phys. Rev. Lett. 97, 153904 (2006)
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Optical cycle(2.7 fs)

Isolated attosecond pulse (IAP)

Only one burst
oo 1ERFN-ZCARETZLSCTNE BIR/ULRITHES,

nerm :

alllga—



Isolated attosecond pulse generation
by a few-cycle laser pulse

Baltuska et al. Nature 421, 611 (2003)

0
S
,

Electric field strength, E(t)

Emission of soft X-rays with

highest photon energy

(‘cut-off’ radiation)
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Light emission takes place
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y once.
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Hentschel et al. Nature 414, 509 (2001)
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Attosecond (10-'8 sec) pulse
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more details in Quantum Beam Engineering
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From femtosecond to attosecond

Year
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d : 10° g 5
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(courtesy of Prof. |. Itatani)
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Isolated attosecond pulse
oeneration by a few-cycle

Hentschel et al. Nature 414, 509 (2001)

-
2 B
2, 530 as |
laser pulse :
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Light emission takes place Attosecond (10-'8 sec) pulse

only once.
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HHG Is suppressed when neutra

density of neutral Ar atoms

[ONIZATION S

fundamental field
envelope (400 nm)
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9th harmonic (of 400 nm) = 279 eV

Isolated sub-fs pulse generation from a ~
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0 fs pulse

Sekikawa et al,, Nature 432, 605 (2004)
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POLARIZATION GATING (PG)

HHG Is suppressed when circular polarization Is used

counter-rotating circularly polarized pulses with a delay

— Circularly — Linearly
polarized polarized
laser field laser field
1.0 -10
2 061 =
- 5 ©
Q 0.8+ =
c e )
O — )
5 0.4 o 8
Ll Oe ‘AL
O | I I I | _5
i %0 =8 005 0SS0 15025300
A =08 um £ Time (as)
> O
L O ,
=) Sansone et al, Selencer i< SN By
S5
O n
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DOUBLE OPTICAL GATING
(DOG)

Polarization gating + two-color gating

10
1291 = — FROG-CRAB Retrieved (1
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w g 1.0-‘ 16
2 E 0.8 14 ﬁ
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Ful e — |AP generation from
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2000 - ,
5 & 7 8 8 10 1 1 Mashiko et al., PRL 2008, 103906 (2008)
o0 Pulse duration (fs)
2 (OF S0 Bl HECIB :
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GENERALIZED DOUBLE
OPTICAL GATING (GDOG)

Elliptical instead of circular polarization

C
HHG bursts

Laser field

Bi-colour field’

with shaped

polarization  Single HHG
burst

|IAP generation from a
> 20 fs pulse without
need of carrier-

envelope stabilization

Phase (rad)

20D an 7 Gilbertson et al, PRL (057025 USRI
Gilbertson et al, PRA 81,043810 (2010)
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INERARED [VWO-COLOR SYINBIRSIESHE

800 nm + 300 nm two-color driving field

00 nm © 1300 nm autocorrglation trace
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High-energy (1.3 micro J), high-power (2.6 GW) |AP

more than 100 times more energetic than previously reported
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(courtesy of Prof. |. Itatani)
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Quest for higher photon energy
(shorter wavelength)

cutoff 18 = by 3.1 T,

€2E§ s —14 2112
= 9.3 x 107 *I(W/cm”)A*(pum)

Amw? /

Longer fundamental wavelength is advantageous

Uy,(eV) =

Optical parametric chirped-pulse amplification
(@ REA)

[ ] o0
n m 41 K. L. Ishikawa



VWA :%—>/\/H\IDO\/\/ HHG

spectral range between the K-absorption edges of C (284 eV) and O (543 eV)

» absorbed by biological samples but not by water
» attractive for high-contrast biological imaging
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42

K. L. Ishikawa



keV HHG

Even up to 1.6 keV, > 5000 orders
almost x-ray!

Wavelength [Angstrom]
10 9 8 7
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Popmintcheyv et al., Science 336, 1287 (2012)

a new type of laser-based radiation source
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T OSECOND SCIENSS

atomic unit of time = 24 attoseconds
Electron

Orbital period of the Bohr electron

2

L e
Nucleus mw?r =

Areqg 2

\Slilay
S5
2 4 3
» 7 27‘(‘\/ TR 5oian e
o e2

real-time observation and time-domain control of
atomic-scale electron dynamics

nNPrm ;
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