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High-harmonic generation
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Department of T\‘.l:::If’."l:{::':'}t” - | ]—I)S( : 11/28 No. 2



Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

SRk FESE (Harmonic generation)
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=R SRR R
High-harmonic generation (HHG)

discovered in 1987

Intense laser pulse gas jet harmonics of high orders
EREL—Y—/ULR AAZTY b BRDITREN
—

Highly nonlinear optical process in which the frequency of laser light is converted
into its integer multiples. Harmonics of very high orders are generated.

U WRIGERAN - BRI w O AR E U TEEESND,
New extreme ultraviolet (XUV) and soft X-ray source
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How high orders?

Harmonic spectrum SR AR KL

_\1Nahlstr6m et al.,, Phys. Rev.A 48,4709 (1993)
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Takahashi et al., Appl. Phys. Lett. 93,041 111 (2008)
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Plateau (72 k—) - remarkable feature
of high-harmonic generation

_\1Nahlstr6m et al.,, Phys. Rev.A 48,4709 (1993)
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EREFHREEDAN=X L
Mechanism of HHG

TR = XK e GEE BRI
perturbative HHG(non-perturbative)
o 4
B Rk ionization Laser field
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‘recombination
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virtual state
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tunneling ionization Semiclassical

electron motion

3-step model
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Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

EREEEREDIZATY TEFI
3-step model of HHG

Paul B. Corkum, Phys. Rev. Lett. 71, 1994 (1993)

Tonization at  wty = @

z = Eo [(cos ¢ — cos ¢g) + (¢ — ¢o) sin ¢y

w2
Eyin = 2U,(sin ¢ — sin ¢g)?
Recombination at ¢ = ¢et(¢g) , which satisfies z = 0

T T T - Laser fleld E(t) = EO cos wt
L5

i recombination
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Phase of electron release (phi0) tunneling ionization Semiclassical

electron motion
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3-step model of HHG

Simple explanation of the cutoff law

Ay hATADY Y T)VIgEREA

There is the maximum kinetic energy

N
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There are two pairs of ionization and
recombination times which contribute to Short and Iong trajectories
the same harmonic energy.
‘ Nanar aent o ~ ~ N ~
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Even up to 1.6 keV, > 5000 orders

almost x-ray!
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Popmintchev et al., Science 336, 1287 (2012)

X-ray Intensity [linear scale] U
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a new type of laser-based radiation source
L —8 —&R—=XR(CUTER LW A T OBREHRIR
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What happens if the fundamental laser
pulse is very short? Tl&. 88/NILAL—Y
—ICKBDE ;ﬂ_ﬁnﬂ,}ﬁbith&,b\v ? _ Hentschel etal. (2001
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Light emission takes place
only once. @ R

FEOMEE 1 BT Attosecond (10°'8 sec) pulse
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From femtosecond to attosecond
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Attosecond Science
7 M EIE
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femtosecond, attosecond

Y m 1073
~A 7 Hu i 1076
7T/ n 107
Ea D 10712
WA VAN f 10°15
7 b a 10718

Light propagates during 30 fs ---
3 x 10%(m/s) x 30 x 107"(s) =9 x 107°%(m) = 9 um
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Why so short pulses?

necessary ‘shutter speed’ for
snapping ultrafast motion
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Electrons moving around the

hucleus
Electron Orbital period of
the electron

inside an atom
Nucleus

5 1 €2
mw T =
Aeq 12
9 A 3
T " _ 27T\/ TEOMT _ 159 % 10718 5 = 152 as
W e2

Need for attosecond shutter
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Dynamics of the Auger effect
A=V HBDILFZIRX

A method to analyze ultrafast
processes with a laser field.
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Auger effect

1—““:5‘11%

“ K

Photoelectron -0 <
A

Auger electron =

Photoelectron
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Ejection of a core electron
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Instantaneous
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Ejection of a valence electron

FE XMz 5 %2 020
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Observation of the ejection of Auger electrons

—Jonizing X rays < a few fs
— Attosecond pulse
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How to measure the electron ejection
time?

Pump (A {tZz5|Ek

- 4) = K (HHG)

Probe (BFOWERZ%

2) L —H5—3* (laser)
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How to measure the electron ejection
time?

a % mpcr.p-erewdt'

B - S DRy S X P

ERFfE Z K fc B IR

> lIrradiate an atom with

o an attosecond pulse
and laser pulse with
delay

f
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How to measure the electron ejection

time?
E(t) = Ey(t) cos(wt + @)
Double mirror dp o dv _
=M= eFE(t)

Time-of flight'
spectrometer

ionization at ¢ = ¢, T

Nozzle

Initial momentum #EE GEE)E)

FR ¥R C OJiE B Momentum at the detector p=po+ Ap

Ap = —e/too E(t)dt = —eA(t,) ~ eFEo ()

r

sin(wt, +6) = |/4mU, (t,) sin(wt, +9)

R As T O E) T %)L ¥ — Kinetic energy at the detector

A
W Wy + 2 Omp — W, XSWOUP(@) sin(wty, + )
uT-PSC 11/28 No. 22
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How to measure the electron ejection
time?
AR CoMEHE = )L ¥ —
) W & Wo + \/SWoUy (1) sin(wt, + ¢)

Time-of-flight
spectrometer

Electron kinetic energy

Nozzle
Ejection time
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Life time of the Auger decay~8 fs
Auger effect
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Delay in photoemission
HEIRICIEE? SR BH?
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When Does Photoemission Begin?

The photoelectric effect is usually considered instantaneous.
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The 2s electron appears to come out 21
attoseconds earlier than the 2p electron!

Number of delay scans
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% 2 -20 -
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w
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& 8
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Mean delay: 21 (+ 5) as

30
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02 03 04 05 06
Delay [fs] Streaking laser electric field amplitude
[x 10" V/m]

Schultze et al., Science 328, 1658 (2010)

Department of Nuclear Q
Engineering and Management UI—ESC 11/28  No. 27



Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Delay In photoemission

Number of delay scans
® 2 4 6 8 W

Neon atom sy - , 1 measured by attosecond streaking
N i
o
- delay . 0- % <}
21as ¢ 2y 5 { % #
oned 8 |
short light ' Mean delay: 21 (+ 5) as
pulse
100
:‘hOW long does it take?': 00 0.1. 02 QF _ 04 05 . 06
: I Streaking laser electric field amplitude
photon absorption electron emission Gl
Schulize et al, Science 328, 16588218}
' ing? : stationary-state correlation
What is happening? Mechanism i e
: : * Eisenbud-Wigner-Smith delay
Dynamic multi- e ing. ol
e ron oulomb-laser coupling - ‘
correlation? * |aser-induced state distortion
* unknown mechanisms ...
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Time-dependent
ab-initio simulation of
inner-shell
photoionization

of an excited He atom

(e.qg., 1s2p)

XUV pulse

Photon Science Center of the University of Tokyo
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Method: Time-dependent Schrodinger equation (TDSE)

9
i (E5.0) = [H o + (2, + 2, ) E(0) [o(x; x, )

I, 1., 2 2 1 o 4m
Hatom=__vr1__vr2____+_ + (r)
2,2A+1 - E

pr =SSR g

T hn

AL, (8 8,) =Y (Lml, - m|LO)Y,, (&)Y, _,(§) Coupled spherical harmonics

Discretization of Pll[;z(r1 riitent (5 ) oad

| sl
fae(fl—z)m rze(fz_E)Ar ‘ P (n. ) =Eri i)

Ishikawa et al., Phys. Rev. A 72, 013407 (2005), Phys. Rev. Lett. 108, 033003 (2012), Phys. Rev. Left. 108, 093001 (2012)
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inner-shell photolonization ™=
of an excited helium atom

3D TDSE
gy | T :
w2 V(21 — 22)% + b2
a=b= RNk

temporal evolution of the ionic state

|. remove the bound states of the neutral below the first ionization
threshold

2. remove doubly excited (autoionizing) states

ERliGject on each Ionic state
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3D simulation

Photoionization of 1s2p'P He
temporal evolution of the ionic state

two distinjct tirlne scales 729 eV, 5 cycles; [0 SIS
X X

STy /vy = 5
77 FT ABEA N
3.0x10° == = | XUV pulse
2.5
40 20
o
5 ISLRERD2, pEMDIIE EAY
2 DhHE. THTOEF] ABET
i 5C6T. BAEF) OEFHRE
iy 1.0 M2s, 3d, Af---#EfFIA~FED,
3d
;LT 4f
0.0 IR o 1A I I I
200 400 600 800 1000
I BEfE (7 +FD)

the pulse ends : ,
Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
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| D simulation

for

D simulations

from the |st excited atom

oldd—nlumbler sta{tes (b)
ulated by knock-up

4ﬂ__

only even-number states
can be populated by |

%

photoabsorption
il
N——
0 z . | I .l]_
0 10 20 30 40

(c) |
even-number states
populated by knock-up

only odd-number states
can be populated by
photoabsorption .

Advanced Radiation Application (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Similar dynamics Is seen

from the 2nd excrted atom

Photon Science Center of the University of Tokyo

[ — Kl
1.
H
R E—
Time, a.u.
—————

0

Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
58
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D <nock-up lasts longer for

from the 2nd excited atom

nigher 1onic channels.
Shake-up Knock-up 3D

3.0x10° —— T T

25
XU
2.0

Population
&

0.5 2s

4f

| Il
200 400 600 800 1000
Time (as)

XUV pulse

reflects the larger
radil of the higher
€ @llical Bliates

Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
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Time-dependent transition matrix element by the
e-e Interaction

(@i, 2,8) |1/ v/ (1 = 22)7 + B2 | @ (1, 22, )
S N

‘ 2

0.0255 T .
78/ \. 1D 1
skl attosecond| cascades

oot 1 | increasing delays
| reflect the larger
I radil of the

' excited states

20 30 T involved

Time, a.u.
4

0.005|-

Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
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summary

knock-up In attosecond photoionization of
an excrted helium atom

Neon atom il . ---.

Post-ionization =
inte raCtion Of the from 2p (Ou;tershell)
outgoing core s () - @
electron with the e

© from 2s (inper shell)

€ : g
, how long does it take? ,

outer spectator photon absorption I
e I eCtrO n \ What is happening?

electron emission

Dynamic multi-
electron
correlation

Sukiasyan, Ishikawa, Ivanov, Phys. Rev. A 86, 033423 (2012)
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